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Abstract
Larger benthic and symbiont-bearing foraminifera are known as important producers of shallow-water
carbonate sediments. Their depth distributions are influenced by the type of symbiont they inhabit and
controlled by parameters like temperature, hydrodynamic energy, topographic conditions or substrate type.
That is why larger benthic foraminifera and their association with other organisms are used to reconstruct
paleoenvironmental as well as paleobathymetrical conditions. Paleocene to Lower Eocene sediments of the
eastern Neo-Tethyan Ocean are used to compare differences and similarities of the passive and active
continental margin and to determine the sedimentary and geodynamic evolution of the sedimentary basin. The
observation of larger benthic foraminifera and their association showed the distribution of eleven microfacies
in four sections of the passive Indian (Tethys-Himalaya) and four microfacies in one section of the active
Asian (Xigaze forearc basin) continental margin of the eastern Neo-Tethyan Ocean. Based on the distribution
of the observed microfacies, depositional environment ranges from very shallow tidal flat and restricted
lagoonal part of the inner carbonate ramp to the outer carbonate ramp, showing a two-stepped deepening event
from Lower Paleocene to Lower Eocene within the entire eastern Neo-Tethyan Ocean.
Besides paleoenvironmental and paleobathymetrical reconstructions, larger benthic foraminifera are an
important biostratigraphic tool due to their rapid diversification and abrupt extinctions. In India the Paleocene
Ranikot Formation is characterized by the high diversity of the larger benthic foraminifera Lockhartia,
therefore the eastern Neo-Tethyan Ocean is also called ”Ranikot Sea” or ”Lockhartia Sea”. Shallow-water
sediments of three profiles from the Tethyan Himalaya reveal the stratigraphic ranges of seven Lockhartia
species. Based on the stratigraphic distribution of these species five interval biozones (called ”Lockhartia
biozones”) are established showing a stratigraphic conformity of sediments from the Tethyan Himalaya.
Correlation of established biozones with the well-established shallow benthic zones used for biostratigraphy
of shallow-water environments suggest an earlier evolution of some Lockhartia species in the eastern
Neo-Tethys compared to the western Tethyan Ocean. Additionally, Lockhartia shows an increasing diversity
from Middle to Late Paleocene and a reduction of diversity within the Lower Eocene of the Tethys-Himalaya.
In literature changes in foraminiferal diversity and assemblage at the Paleocene-Eocene boundary are
interpreted as being the result of climatic and geochemical changes called Paleocene-Eocene Thermal
Maximum and carbon isotope excursion. In the south of Tibet, the sharp negative shift of the carbon isotope
excursion representative for the Paleocene-Eocene boundary is located in a nodular limestone bed of the
Zhepure Shan Formation in Tingri. Based on field appearances five categories of nodular limestones and some
transitional members can be classified. Processes responsible for the genesis of nodular limestones in Tingri
are differential diagenesis followed by chemical and mechanical compaction. Differences in clay content are
assumed to be responsible for the various types of nodular limestones.
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Zusammenfassung
Symbionten-tragende Großforaminiferen sind weltweit bekannt als bedeutende Produzenten von
Flachwasser-Karbonaten. Die Tiefenverteilung der Großforaminiferen wird durch die Art des Symbionten,
aber auch durch andere Parameter wie die Temperatur, die hydrodynamische Energie, die topographische
Bedingungen sowie die Art des Substrates bestimmt. Aus diesem Grund ko¨nnen Großforaminiferen und ihre
begleitenden Assoziationen genutzt werden, um die Pala¨oumwelt sowie die vorherrschenden
Pala¨owassertiefen zu rekonstruieren. In dieser Arbeit wurden Sedimente aus dem Paleoza¨n und dem Unteren
Eoza¨n des o¨stlichen Tethys-Ozeans genutzt, um Unterschiede und Gemeinsamkeiten des passiven und aktiven
Kontinentalrandes zu bestimmen und die sedimenta¨re sowie geodynamische Entwicklung des
Sedimentbeckens zu erfassen. Großforaminiferen und ihre begleitenden Assoziationen zeigen die Verteilung
von elf Mikrofazies in vier Profilen des passiven indischen (Tethys-Himalaya) und vier Mikrofazies in einem
Profil des aktiven asiatischen (Xigaze forearc Becken) Kontinentalrandes des o¨stlichen Tethys-Ozeans,
repra¨sentativ fu¨r einen Ablagerungsraum von einem tidalen oder teilweise geschu¨tzten laguna¨ren
Flachwasserbereich bis hin zur a¨ußeren Karbonatrampe. Im gesamten o¨stlichen Neo-Tethys Ozean konnte in
den Paleoza¨nen bis Eoza¨nen Sedimenten ein Vertiefungsereignis in zwei Stufen ausgemacht werden.
Neben der Rekonstruktion der vergangenen Umweltbedingungen sind Großforaminiferen durch ihre schnelle
Ausbreitung und das Vorkommen von kurzlebigen Arten wichtige Werkzeuge zur Biostratigraphie von
Sedimenten. Die in Indien vorkommende Ranikot Formation des Paleoza¨ns wird charakterisiert durch das
Auftreten der Großforaminifere Lockhartia mit einer hohen Artenvielfalt. Aus diesem Grund wird der o¨stliche
Neo-Tethys Ozean auch ”Ranikot Sea” oder ”Lockhartia Sea” genannt. In den Flachwasser-Sedimenten aus
drei Profilen des Tethys-Himalayas konnten die stratigraphischen Reichweiten von sieben Lockhartia-Arten
ausgemacht werden. Basierend auf diesen stratigraphischen Reichweiten wurden fu¨nf Intervall-Zonen
(sogenannte ”Lockhartia Biozonen”) etabliert, die eine stratigraphische U¨bereinstimmung der Sedimente des
Tethys-Himalayas aufweisen. Korrelationen der Lockhartia Biozonen mit den in der Literatur bekannten und
ga¨ngigen benthischen Flachwasserzonen legen nahe, dass die Evolution einiger Lockhartia-Arten im o¨stlichen
Neo-Tethys, verglichen mit dem westlichen Tethys-Ozean, fru¨her eingesetzt hat. Zudem zeigt die Verteilung
von Lockhartia im Tethys-Himalaya eine zunehmende Diversifizierung vom mittleren bis spa¨ten Paleoza¨n und
eine Abnahme der Diversifizierung im Unteren Eoza¨n.
Umbru¨che in der Diversita¨t und der Vergesellschaftung von Foraminiferen an der Paleoza¨n-Eoza¨n Grenze
werden in der Literatur durch die vorherrschenden klimatischen und geochemischen A¨nderungen interpretiert,
bekannt als Paleoza¨n-Eoza¨n Temperaturmaximum und Kohlenstoff-Isotopen Exkursion. In Su¨d-Tibet konnte
der stark negative Ausschlag in der Kohlenstoff-Isotopie, der die Paleoza¨n-Eoza¨n Grenze repra¨sentiert, in den
Knollenkalken der Zhepure Shan Formation in Tingri ausgemacht werden. Basierend auf den
Felduntersuchungen konnten verschiedene Auspra¨gungen der Knollenkalke sowie einige U¨bergangssedimente
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klassifiziert werden. Die Genese der Knollenkalke in Tingri geht mit einer differentiellen Diagenese, gefolgt
von einer chemischen und mechanischen Kompaktion einher. Unterschiede in den Tongehalten innerhalb der
Formation sind vermutlich verantwortlich fu¨r die unterschiedlichen Auspra¨gungen der Knollenkalke.
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1 Introduction
The present study will help to understand the general biostratigraphic and sedimentary development, as well
as the evolution of carbonate ramp and forearc basin depositions in the eastern Neo-Tethyan Ocean. Therefore
samples were taken from Paleocene to Lower Eocene shallow-water carbonates of the passive Indian and
predominantly siliciclastic material of the active Asian continental margin of the Neo-Tethys Ocean.
In the focus of this study are (1) the general sedimentary development of the Indian passive continental margin
(Tethys Himalaya) and the Asian active continental margin (Xigaze forearc basin) of the eastern Neo-Tethyan
Ocean based on microfacies analysis, (2) the evolution and regional correlation of the larger benthic
foraminifera (LBF) Lockhartia within the eastern Neo-Tethyan Ocean (also called Lockhartia Sea) and the
comparison of the results with the western Neo-Tethys Ocean, (3) as well as the genesis of the Upper
Paleocene to Lower Eocene nodular limestones in Tingri (South Tibet) based on microfacies analysis and in
respect to the climatic and geochemical changes characteristic for the Paleocene-Eocene boundary.
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1. Introduction
1.1 Geologic setting
After break-up of the African continent during Jurassic and Lower Cretaceous, the Indian continent moved
north in counterclockwise rotation (Ali and Aitchison, 2005), leaving a wide range for the Neo-Tethyan Ocean
flanked by Europe and Asia to the north and Africa and India to the south. Sediments observed within this
work were deposited within the eastern Neo-Tethyan Ocean (Fig. 1.1). Paleocene and Lower Eocene
sediments of Zanskar, Tingri, Gamba and Guru were deposited on a carbonate ramp within a shallow-marine
environment at the northern passive margin of the Indian continent (Gaetani et al., 1986; Fuchs and Willems,
1990; Willems, 1993; Zhang et al., 2012) close to the equator, while sediments of Cuojiangding were
deposited within a forearc basin at the southern active margin of the Asian continent at lower to middle
latitudes (Qian et al., 1982; Liu et al., 1988; Ding et al., 2005). The exact moment of collision between the
Indian and Asian continent and therefore ”the time of disappearance of the Neo-Tethys oceanic lithosphere”
(Ding et al., 2005, p. 1) is still debated, with views ranging from ∼70 Ma (Yin and Harrison, 2000), via 65 Ma
(Wan et al., 2002; Ding et al., 2005), 56 Ma (Zhang et al., 2012) and 55 Ma (Garzanti et al., 1987) right up to
34 Ma (Aitchison et al., 2007) and 25 Ma (van Hinsbergen et al., 2012). The collision of India and Africa
resulted in the closure of the Tethyan Ocean, the formation of the Himalaya, as well as the formation of the
Tibetan Plateau.
Today, the investigated sections belong to the Himalayan orogenic belt covering an area from western Zanskar
(Chulung Chu) in northern India to South-Tibet (Cuojiangding, Tingri, Gamba and Guru) in China (Fig. 1.2a),
which can be divided into different east to west trending structural units (Gansser, 1964), described from north
to south (after Hu et al., 2016):
Figure 1.1: Global paleogeographic map at the Paleocene-Eocene boundary showing the distribution of
the Neo-Tethyan Ocean (after Scotese, 2011. Sediments observed within this work were deposited within
the eastern Neo-Tethyan Ocean.
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1. Lhasa Block: The southern Lhasa block is represented by Triassic to Paleogene granitoids of the Gangdese
batholith (e.g., Chung et al., 2005; Ji et al., 2009; Zhu et al., 2011) and Paleogene non-marine volcanic sequences
of the Linzizong volcanic succession (e.g., Mo et al., 2008; Zhu et al., 2013; Zhang et al., 2014).
2. Xigaze forearc strata: Cretaceous turbidite sandstones, interbedded mud rocks, as well as shelfal to deltaic
deposits. Paleocene to Lower Eocene alternating sequence of limestone, sandstone, conglomerate and volcanic
tuff (Liu et al., 1988; Ding et al., 2005; Hu et al., 2016).
3. Yarlung Zangbo suture zone (YZSZ): Ophiolites and tectonic me´lange with serpentinite or shale matrix marking
the contact between the Asian continent to the north and the Indian continent to the south (e.g., Cai et al., 2012;
Xu et al., 2015).
4. Tethyan Himalaya: Cretaceous to Lower Paleogene marine sedimentary sequences deposited at the northern
passive margin of the Indian continent. Separated by the Gyirong-Kangmar thrust (Ratschbacher et al., 1994) the
Tethyan Himalaya is divided into a northern zone, dominated by deep-water outer shelf, continental slope and rise
deposits (Li et al., 2005) and a southern zone, characterized by shallow-water carbonates and terrigenous
sediments (e.g., Willems, 1993; Liu and Einsele, 1994; Jadoul et al., 1998).
5. Himalaya: Subdivided into Higher, Lesser and Sub-Himalaya.
Figure 1.2: Geographic and geologic overview of the studied section. A Location of the investigated
sections, covering an area from western Zanskar (Chulung Chu) in India to South Tibet (Cuojiangding,
Tingri, Gamba and Guru). B Geological map of the Himalaya (after Hu et al., 2016). The Himalayan
orogenic belt can be divided in different east to west trending structural units (Gansser, 1964), described
from north to south: Lhasa Block, Xigaze forearc basin, Yarlung Zangbo suture zone, Tethyan Himalaya
and Himalaya. Sediments from Zanskar, Tingri, Gamba and Guru are part of the Tethyan Himalaya,
while sediments of Cuojiangding belong to the Xigaze forearc basin.
The investigated area Cuojiangding of this study is part of the Xigaze forearc basin, while Zanskar, Tingri,
Gamba and Guru are part of the southern Tethyan Himalaya (Fig. 1.2b).
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1.2 Stratigraphic system
Two stratigraphic systems were established for the Lower Paleogene sediments of Tingri and Gamba in south
Tibet by Willems in 1993 (Fig. 1.3). At Tingri the shallow-water marine strata are presented in the Zhepure
Shan Formation, underlain by the Jidula Formation and overlain by the Youxia Formation showing the end of
the marine sedimentation (Willems, 1993; Zhu et al., 2005). The time equivalent sedimentary series at Gamba
is represented by the Zongpu Formation, also underlain by the Jidula Formation and overlain by the
Zongpubei Formation. Both, Zhepure Shan and Zongpu Formations can be subdivided into four lithological
units, described from bottom to top: cyclic limestone (Member A), massive limestone (Member B), nodular
limestone (Member C), massive limestone (Member D). Based on the stratigraphic distribution of larger
benthic foraminifera those sediments are of Paleocene to Lower Eocene age (Willems, 1993; Zhang et al.,
2013).
Wan et al. (2010, p. 71) used a ”single stratigraphic system as both Gamba and Tingri areas are part of the
same sedimentary basin and have similar stratigraphic patterns” and therefore described differences in
stratigraphic classification as unnecessary. Hu et al. (2012) also suggested to use a single stratigraphic system.
Hence in some literature sedimentary sequences at Tingri and Gamba are composed of Jidula, Zongpu and
Zhepure/Enba Formations from bottom to top (Wan et al., 2002, 2010, 2014; Li et al., 2015; Jiang et al., 2016).
Figure 1.3: Correlation of Lower Paleogene stratigraphic systems for South Tibet. Willems (1993)
established two stratigraphic systems with Members A to D, while Wan et al. (2010) and Hu et al. (2012)
used a single stratigraphic system for Tingri and Gamba. Abbreviation: Mount. = Mountain.
In this work both established stratigraphic systems are used based on the requirements and expectations the
Journal and/or the reviewer of the manuscripts had. Nevertheless, the system established by Willems (1993) is
used in most cases to keep it constant for all publications of the working group.
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1.3 Larger benthic foraminifera (LBF)
Foraminifera are important marine single-celled protozoa, which can be divided into two different groups
based on their living strategy: planktonic (living in the water-column) and benthic (living in or on the
sediment surface). Larger benthic foraminifera (LBF) are an informal group of benthic foraminifera with large
test sizes and complicated internal structures (Ross, 1974), providing housing for algal symbionts (Haynes,
1965; Lee, 1998; Hallock, 1999). Due to the relationship with photosynthetic symbionts, LBF are living in
tropical, shallow-water, oligotrophic and well-lighted environments with water depth less than 130 m
(Hottinger, 1983; Hallock, 1984, 1999). Light quality influences the depth distribution of LBF based on the
type of symbiont they inhabit: chlorophycean (0 m to 15 m), rhodophycean and dinophycean (0 m to 70 m) or
diatoms (0 m to 130 m). Additional parameters influencing the depth distribution of LBF are temperature,
hydrodynamic energy, topographic conditions or substrate type (e.g., Hottinger, 1981, 1983; Leutenegger,
1984; Renema, 2002). Therefore LBF and LBF associations are described as sensitive tool to reconstruct
paleoenvironmental and paleobathymetrical conditions (Hallock and Glenn, 1986; Hottinger, 1997;
Beavington-Penney and Racey, 2004).
In the eastern Neo-Tethyan Ocean, Paleocene to Lower Eocene LBF and their association with other
organisms (e.g., green algae, corals) show the distribution of eleven microfacies in four sections from the
passive Indian (Tethyan Himalaya) and four microfacies in one section from the active Asian (Xigaze forearc
basin) continental margin. The correlation of the observed microfacies are used to reconstruct the
paleoenvironmental development and the sedimentary history of the eastern Neo-Tethyan Ocean, showing a
two-stepped deepening event from Lower Paleocene to Lower Eocene (see chapter 2 ”Paleocene and Lower
Eocene shallow-water limestones of Tibet: microfacies analysis and correlation of the eastern Neo-Tethyan
Ocean”, p. 19).
Besides paleoenvironmental and paleobathymetrical evidence, LBF determination to the species level is
”biostratigraphically important because of their episodes of rapid diversification and abrupt extinctions”
(Hallock, 1985, p. 195). Taxonomic differentiation of LBF species is highly difficult because most fossils
occur within cemented limestones and have to be studied in random thin sections to determine morphological
characteristics like size, number and proportions of structural elements (Hottinger, 2007, 2009). Based on
detailed biostratigraphic studies of the LBF Alveolina, Assilina and Nummulites (Hottinger, 1960; Drobne,
1977; Schaub, 1981; Hottinger and Drobne, 1988; Hottinger et al., 1998), 20 shallow benthic zones (SBZ)
have been established for the Paleogene, especially for the western Neo-Tethyan Ocean (Serra-Kiel et al.,
1998).
In south Tibet, Paleocene LBF with the dominant genera of Miscellanea, Daviesina, Lockhartia, Kathina,
Ranikothalia and Operculina and Early Eocene LBF like Alveolina, Nummulites and Orbitolites have been
reported (e.g., Ho et al., 1976; Wan, 1991; Willems et al., 1996; Wan et al., 2002, 2010; Zhang et al., 2013)
and SBZ were constructed based on thin section analyzes from Tingri and Gamba by Zhang et al. (2013).
However, taxonomic studies on these LBF are still very poor, especially because of the large amount of
described species.
Investigated sediments of this work were deposited within the eastern Neo-Tethyan Ocean. Based on the high
diversity of endemic LBF belonging to the rotaliid subfamily Lockhartiinae (i.e., Lockhartia, Dictyoconoides
and Sakesaria) in the Paleocene Ranikot Formation from India, the eastern Neo-Tethyan Ocean was also
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called ”Ranikot Sea” (Davies, 1937) or ”Lockhartia Sea” (Hottinger, 1998), covering an area ranging from
South Turkey in the west to Tibet and Pakistan in the east, and to Somalia and Egypt in the south (Hottinger,
2007, 2014b). Due to their high diversity, the foraminifera of the genus Lockhartia occupy certain
chronostratigraphic positions in the Paleocene and therefore some species are accepted as index species
(Hottinger, 2014a).
1.3.1 LBF of the genus Lockhartia
Belonging to the Family Rotaliidae Ehrenberg, 1839 the larger benthic foraminifera (LBF) Lockhartia shows a
perforate-bilamellar calcareous test with a trochoid chamber arrangement. Within his monograph Hottinger
(2014a) transferred the genus Lockhartia Davies, 1932, as well as the genera Dictyoconoides Nuttall, 1926,
Sakesaria Davies, 1937 and the new described species Rotalispira n. gen., into a new subfamily named
Lockhartiinae. This subfamily is characterized by its umbilical structure, showing umbilical cavities delimited
by successive horizontal arranged foliar walls and numerous continuous and laminated umbilical piles (Fig.
1.4a). To distinguish the different species of Lockhartia the appearance of foliar walls and piles (Fig. 1.4b, c,
f) are the most important morphological features (e.g., Davies, 1932; Smout, 1954). The spire of the test is
sharply separated from the umbilicus by an umbilical plate (see Fig. 1.4e, g). Dorsal side of the test is stoutly
lenticular to convex with no (see Fig. 1.4a, d) or different pattern (e.g., Fig. 1.4e) of ornamentation.
Figure 1.4: A Axial cutting showing the trochoid chamber arrangement of the genus Lockhartia Davies,
1926 leaving a wide umbilical area of complex structure (after Davies, 1932), not to scale. Coloured
lines indicate different cuttings: e.g., oblique cutting (blue line) as seen in figure 1.4d and section per-
pendicular to the coiling axis (red line) as seen in figures 1.4c and 1.4f. B-D Lockhartia conditi, E-F
Lockhartia haimei and G Lockhartia praehaimei of South Tibet (after Kahsnitz et al., 2016). The umbil-
ical area of the perforate (p = pore) foraminifera is filled with continuous and laminated piles (pi) and
horizontal arranged foliar walls (fol), which are the most important morphological features to distinguish
between different species of Lockhartia. Other morphologic characteristics of Lockhartia are the occur-
rence and distribution of the foramen (f), the interseptal interlocular space (ilsp), the umbilical plate
(up) or the smooth to heavy cancellate ornamentation (o).
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Since the first description of Lockhartia in 1926 by Davies, a lot of research papers were published describing
new species or mentioning the occurrence of the larger benthic foraminifera Lockhartia at different localities.
Since then more than 30 described species and variations (var.) of the rotaliid LBF Lockhartia were published.
Based on the high amount of described species, taxonomic work on the genus is highly hindered. During the
years some of the species were revised and transferred into other genera of foraminifera. For example,
Lockhartia bermudezi, described by Cole, 1942, was revised as Kathina jamaicensis by Brown and
Bronnimann (1957). Nevertheless, Lockhartia bermudezi was used in literature published subsequently (e.g.,
Auboin and Neumann, 1959).
A summary of already revised and a critical review of Lockhartia species that belong to another species or
even to other genera is given in the following paragraphs. It is important to reduce the number of Lockhartia
species in order to simplify taxonomic work and to make it applicable and more convenient. Additionally,
some important literature illustrating the occurrence of Lockhartia is given (Table 6.1) to complete the work.
Lockhartia bermudezi Cole, 1942 revised as Kathina jamaicensis (Cushmann and Jarvis, 1931)
First described from Cuba by Cole (1942) as Lockhartia bermudezi was later shown as a junior synonym of
Eponides jamaicensis (Cushmann and Jarvis, 1931). Smout (1954) noted that L. bermudezi Cole, 1942 has an
axial plug without cavities and fissures and therefore named it Kathina bermudezi. This view was accepted by
Brown and Bronnimann (1957, p. 36): ”This species is neither an Eponides nor a Lockhartia, and should be
assigned to the genus Kathina, as noted by Smout (1954)” and renamed this species Kathina jamaicensis
Cushmann and Jarvis, 1931. Cole accepted this in 1971, and noted that ”Eponides jamaicensis Cole
(synonym: Lockhartia bermudezi Cole)” belongs to the genus Kathina.
Lockhartia conica Smout, 1954 revised as Rotospirella conica (Smout, 1954)
Lockhartia conica was first described from the Paleocene of Qatar. The umbilical structure of this species is
characterized by ”feebly developed” piles as well as a ”labyrinthine” arrangement of cavities (Smout, 1954, p.
53). This species was also described from Paleocene limestones of South Tibet where the morphological
characteristics of the piles were also described as ”feebly developed” (Wan, 1991, p. 12). In his monograph,
Hottinger (2014a) transferred L. conica Smout, 1954 into the newly described genus Rotospirella conica
(Smout, 1954) and explained this approach by the lack of regular umbilical cavities, which would be
morphological characteristic of Lockhartia.
Lockhartia cushmani Applin and Jordan, 1945 revised as Rotalia cushmani Applin and Jordan, 1945
Another revised species of Lockhartia is Lockhartia cushmani Applin and Jordan, 1945 which was
characterized by the authors as ”very similar to Eponides gunteri Cole, 1942” (Applin and Jordan, 1945, p.
143). Cole (1947) redescribed L. cushmani and assigned it to the species Rotalia. In 1950, Applin and Jordan
explained, that the revision of L. cushmani to the genus Rotalia involved that it thereby became a homonymy
of Rotalia cushmani Applin and Jordan, 1945 and proclaimed that they assigned this species as Lockhartia
because they believed it was the morphologically most related genus (Applin and Jordan, 1950). According to
Smout (1954), L. cushmani shows a structure intermediate between Rotalia and Kathina, because of the lack
of umbilical cavities and the occurrence of slits which cut into the umbilical plug. Reiss and Merling (1958)
stated that it was a typical Rotalia because of different characteristics like the clearly visible lips and the
toothplates.
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Lockhartia hunti var. garoensis Samanta, 1961 revised as Lockhartia hunti Ovey, 1947
In literature the species Lockhartia hunti Ovey, 1947, as well as a variation Lockhartia hunti var. pustulosa
Smout, 1954, is known. Another variation of Lockhartia hunti was described in 1961 by Samanta. It is noted
that Lockhartia hunti var. garoensis differs from Lockhartia hunti by having a more conical dorsal side and a
more convex base. In addition, the species shows a narrow umbilical pile with distinctive horizontal plates
(Samanta, 1961). Here, I assume that the described morphologic differences between L. hunti and L. hunti var.
garoensis are not sufficient enough to establish a separate taxon.
Lockhartia luppovi Bugrova, 1966
First described by Bugrova in 1966 and 1967 from the Paleocene of southeast Turkmenistan (”Turkmenia”)
and in 1997 from Southern Uzbekistan (Bugrova in Akhmetiev et al., 2012). Based on pictures given by
Bugrova (1966) I assume that the described species does not belong to the genus Lockhartia. The foraminifera
shown in these papers in contrast show more morphological features comparable to Storrsella Drooger,
1960b, or Laffitteina Marie, 1946.
Lockhartia minuscula Hofker, 1957 revised as Daviesina minuscula (Hofker, 1957)
First described by Hofker (1957) as Lockhartia minuscula for the Late Cretaceous. In later publications
Hofker (1958) noted similarities with the genus Daviesina and therefore used the term Lockhartia
(Daviesina?) minuscula (Hofker, 1957). In subsequent publications the assignment Daviesina minuscula
(Hofker, 1957) was used (Arbeitskreis deutscher Mikropala¨ontologen, 1962; Voigt, 1964; Norling, 1973).
Lockhartia newboldi (d´Archiac and Haime, 1853) revised as
Rotalia cf. newboldi d´Archiac and Haime, 1853
Rotalia newboldi d´Archiac and Haime, 1853, described from Pakistan was referred to the genus Dictyo-
conoides newboldi (d´Archiac and Haime, 1853) by Davies in 1927 firstly, afterwards to the genus Lockhartia
newboldi (d´Archiac and Haime, 1853) by Davies in 1932. According to Gill (1953), the species L. newboldi
is a morphological variation within the species Rotalia trochidiformis Lamarck, 1804. This was accepted by
Smout in his monograph in 1954. In his work Hottinger transferred this species back to the first described
genus and called it Rotalia cf. newboldi d´Archiac and Haime, 1853, but at the same time advised that the use
of this species name was nevertheless tentative (Hottinger, 2014a).
Lockhartia ramanae Ten Dam, 1953
In the Cretaceous of Turkey, a species named Lockhartia ramanae was described showing a few larger piles
filling the umbilicus (Ten Dam, 1953). By looking at the published figures of L. ramanae, it seems that this
species has got an axial plug instead of numerous piles and cavities, which is a morphological characteristic
intermediate between Rotalia and Kathina. Because of the Late Cretaceous age and the umbilical plug, the
described foraminifera may belong to the genus Rotorbinella Bandy, 1944. Therefore L. ramanae will be
neglected in further discussions.
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Lockhartia reticulata Silvestri, 1939 revised as ”nomen nudum” Ten Dam (1953)
The species Lockhartia reticulata Silvestri, 1939 was first mentioned from Eocene sediments of Somalia,
unfortunately without giving any taxonomical descriptions. Therefore, L. reticulata was considered as ”nomen
nudum” by Ten Dam (1953).
Lockhartia roestae Visser, 1951 revised as Eoconuloides roestae (Visser, 1951)
In 1951, Visser described the new foraminifera Cibicides roestae from the Maastrichtian of the Netherlands.
Later Hofker (1955) revised this species as Lockhartia roestae (Visser, 1951), based on distinct morphological
characteristics. In 1966, Hofker recognized that ”the inner structure without any doubt excludes the genus
Cibicides” and stated ”that the species cannot belong to Lockhartia either” (Hofker, 1966, p. 24). Transverse
sections of the tests show septal walls between the secondary chambers. These features were described by
Bro¨nnimann as typical for the genus Tremastegina (Bro¨nnimann, 1950), and Hofker transferred it to the genus
Tremastegina roestae (Visser, 1951) accordingly (Hofker, 1966). In his work from 1978, Gowda mentioned
the type species Cibicides roestae (Visser, 1951) and revised it as Praestorrsella roestae (Visser, 1951). In
1988, Loeblich and Tappan described Tremastegina as a junior synonym of Eoconuloides. This was accepted
by Leloux (2002) who transferred Cibicides roestae, Lockhartia roestae and Tremastegina roestae into the
genus Eoconuloides roestae (Visser, 1951).
Lockhartia schaubi Hottinger, 1966 revised as Calcarinella schaubi (Hottinger, 1966)
In 1966, Hottinger described a new species from the Pyrenees called Pseudorotalia schaubi which was later
revised to the genus Lockhartia schaubi, realizing the morphological similarities with calcarenids: ”In
Lockhartia schaubi (Hottinger, 1966) the umbilical covers are two- or multi-layered and imperforate as in
calcarinids.” (Hottinger and Leutenegger, 1980, p.118). Butterlin and Fourcade (1989) recognized that the
piles of the foraminifera were not continuous and rearranged it to the family Calcarinidae. Boix et al. (2009)
transferred it into the genus Calcarinella and named it Calcarinella schaubi Hottinger, 1966, explaining that
the structure was similar to that of Lockhartia but exhibiting evidences which were part of Calcarinella as
well (e.g., folium with a retral foliar aperture, true umbilical plate).
Lockhartia sijuensis Samanta, 1961 revised as Lockhartia conditi (Nuttall, 1926)
The species was first described from the Garo Hills (Assam) in eastern India by Samanta (1961). Morphologic
characters like small test, rounded peripheral margin, smooth dorsal surface and semilunar shape of chambers
in axial section are usually distinctive features of Lockhartia conditi Nuttall, 1926. Only the umbilical piles of
L. sijuensis, which were described as narrow and discontinuous, make the difference from the huge and
continuous piles typical for L. conditi. Possibly, the median axial section of L. sijuensis shown by Samanta
(1961) was not an exact axial section traversing the umbilical piles so that they just appeared discontinuous.
Here, I assume that the described L. sijuensis by Samanta (1961) belongs to the species L. conditi Nuttall,
1926.
Synonymy of Lockhartia alveolata Silvestri, 1942 and Lockhartia hunti Ovey, 1947
Silvestri (1942) first described the species L. alveolata from the Eocene of Somalia. In 1947, Ovey identified
another new species of Lockhartia from Somalia and denominated it L. hunti. The author compared the
images of L. alveolata (Silvestri, 1942) with the species L. hunti described from Somalia and recognized that
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it had fewer and coarser piles and a more conical dorsal side (Ovey, 1947). In 1954 Smout pointed out, that
L. hunti had got a higher cone, which coincides with the outer shape of L. alveolata tests. Because of this and
the nearly same ratio of height/diameter, L. hunti was placed in synonymy with L. alveolata by Al-Hashimi
(1974). As a consequence the variation of L. hunti was assigned as L. alveolata var. pustulosa.
The assumption of Al-Hashimi (1974), concerning the synonymy of L. alveolata and L. hunti, based on
morphological features such as shape and size of the test, ignoring the fact that L. alveolata exhibits fewer and
coarser piles than L. hunti as described by Ovey in 1974. As mentioned above, the appearance of plates and
piles within the umbilical area is a very distinctive feature to distinguish between different species of
Lockhartia. For this reason, it is questionable whether L. alveolata is a synonym of L. hunti. Additionally, in
later publications the denominations L. hunti and L. hunti var. pustulosa were used instead of L. alveolata
(e.g., Ho et al., 1976; Hasson, 1985; Wan, 1991; White, 1994; Willems et al., 1996; Pignatti et al., 1998).
Based on the occurrence of heavier beads, Smout (1954) distinguished between L. hunti Ovey, 1947 and
L. hunti var. pustulosa Smout, 1954. In Hottingers work these differences were described being ”insufficient
to distinguish a separate taxon” (Hottinger, 2014a, p. 81).
According to differences in morphology, Lockhartia alveolata Silvestri, 1942 and Lockhartia hunti Ovey,
1947 are possibly separate species, but the morphological variation described by Smout (1954) will be
neglected.
Remaining Lockhartia species
According to the evaluation of bibliographic data the following species of Lockhartia should be removed:
L. bermudezi, L. conica, L. cushmani, L. hunti var. garoensis, L. hunti var. pustulosa, L. luppovi, L. minuscula,
L. newboldi, L. ramanae, L. roestae, L. schaubi and L. sijuensis. This reduces the number of described
Lockhartia species down to 17 species and 4 variations ranging from Paleocene to lower Middle Eocene:
• L. akbari (Tambareau et al., 1997)
• L. altispira Smout, 1954
• L. alveolata Silvestri, 1942
• L. conditi (Nuttall, 1926)
• L. daviesi Ten Dam, 1953
• L diversa Smout, 1954
• L. gyropapapulosa Levin, 1957
• L. haimei (Davies, 1927)
• L. haimei var. nudimarginata Sander, 1962
• L. haimei var. spirachordata Sander, 1962
• L. haimei var. suturadicata Sander, 1962
• L. haimei var. vermiculata Sander, 1962
• L. hunti Ovey, 1947
• L. lobulata Sander, 1962
• L. megapapulata Hu, 1976
• L. prealta Levin, 1957
• L. praehaimei Smout, 1954
• L. retiata Sander, 1962
• L. roeae (Davies, 1930)
• L. susuaensis Pessagno, 1960
• L. tipperi (Davies, 1926)
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Based on this literature review and for further taxonomic studies of Lockhartia, sediments were taken from the
Paleocene to Lower Eocene limestones of South Tibet (China). Shallow-water limestones of the Tethyan
Himalaya (Tingri, Gamba and Guru) stratigraphic distribution of seven species of Lockhartia (L. conditi,
L. haimei, L. hunti, L. praehaimei, L. retiata, L. roeae and L. tipperi) were recognized whose stratigraphic
distributions were used to establish five interval biozones for South Tibet. Characteristic for the stratigraphic
distribution of Lockhartia was the high diversity of species (up to 5 species) in the Middle and Late Paleocene
and the drastic reduction (down to 2 species) in the Lower Eocene in combination with a change from a
rotaliid dominated assemblage to an alveolinid dominated assemblage (see chapter 3 ”Stratigraphic
distribution of the larger benthic foraminifera Lockhartia in South Tibet (China)”, p. 57).
Changes in foraminiferal diversity and assemblage at the Paleocene-Eocene boundary were reported as
larger-foraminifera turnover (LFT; high diversification of foraminifera at specific level, adult dimorphism, as
well as larger shell sizes) and benthic extinction event (BEE; extinction of about 40 % of smaller benthic
foraminifera) and interpreted to be the result of the climatic and geochemical changes described as
Paleocene-Eocene Thermal Maximum (PETM) and carbon isotope excursion (CIE) characterizing the
Paleocene-Eocene boundary (e.g., Kennet and Stott, 1991; Pak and Miller, 1992; Hottinger, 1998; Thomas,
1998; Dickens, 1999; Zachos et al., 2001; Speijer and Morsi, 2002). The Paleocene-Eocene Thermal
Maximum (PETM) was first described by Kennet and Stott (1991) from sediment cores of the Ocean Drilling
Project (ODP 690B) on the flank of Maud Rise, Weddel Sea, Antarctica (also known as Late Paleocene
thermal maximum (LPTM) by Zachos et al. in 1993 and described as an event of global warming within a
short period of 10.000 to 30.000 years, with increasing temperatures between 4 to 5 ◦C in the tropics and the
deep ocean and 6 to 8 ◦C in high latitudes (e.g., Kennet and Stott, 1991; Thomas and Shackelton, 1996; Ro¨hl
et al., 2000; Tripati and Elderfield, 2004). Rising temperatures at the P-E boundary coincided with a sharp
negative δ13C excursion described as carbon isotope excursion (e.g., Dickens, 1999). In literature the carbon
isotope excursion (CIE) was described from terrestrial (e.g., Koch et al., 1995, 2003; Wing et al., 2005), as
well as from shallow-water (e.g., Dupuis et al., 2003) and deep-sea (e.g., Bains et al., 1999) sediments with
different thicknesses (Table 1.1). In South Tibet, the negative CIE representative for the Paleocene-Eocene
boundary is located in a nodular limestone bed of the Zhepure Shan Formation in Tingri (Zhang et al., 2013,
2017).
1.4 Nodular limestone
In South Tibet, nodular limestones of the Zhepure Shan Formation in Tingri exhibit the negative carbon
isotope excursion (CIE) representative for the Paleocene-Eocene boundary (Zhang et al., 2013, 2017). The
extraordinary thickness of the CIE here (about 11 m), compared to the CIE as described by Bains et al. (1999)
from ODP690 (about 1 m) leads to the question whether those nodular limestones were formed due to
autochthonous (e.g., carbonate diagenesis) or allochthonous (e.g., transport, reworking) processes and if the
genesis of the formation may possibly be responsible for the extraordinary thickness of the CIE.
In literature, nodular limestones have been reported from different stratigraphic periods, on a global scale and
due to large genetic process variabilities ranging from diagenetic (bioturbation, solution, cementation,
nodule-growth within the sediment) to sedimentary (transportation, reworking) or tectonic (shearing)
processes. Devonian nodular limestones from Southern France (”Griotte”) and Germany
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locality
North America Egypt Antarctica China
Bighorn basin Dababiya Maud Rise Tibet (Tingri)
depositional terrestrial marine marine marine
environment 150 m - 250 m deep sea (ODP 690) < 40 m - 80 m
lithology
sandstone limestone
carbonate nodular limestoneshale shale
claystone clay
thickness CIE about 57 m about 3.5 m about 1 m about 11 m
literature
after after after after
Wing et al. (2005) Dupuis et al. (2003) Bains et al. (1999) Zhang et al. (2013, 2017)
Table 1.1: Negative carbon isotope excursion (CIE) reported from terrestrial, shallow-water and deep-
sea sediments, showing different thicknesses. In marine sediments the extraordinary thickness of the CIE
in Tingri (Zhang et al., 2013, 2017) is conspicuous, compared to the CIE indicated in Egypt (e.g., Dupuis
et al., 2003) and the Antarctic (e.g., Bains et al., 1999).
(”Cephalopodenkalk”), as well as the Liassic red limestone breccias from the Northern Calcareous Alps
(”Adneter Scheck”) are well-known nodular limestones in literature, showing different generic processes.
While the ”Griotte” and ”Cephalopodenkalk” are described as products of early lithification and formation of
nodules around goniatite shells (Tucker, 1974; Tucker and Wright, 2008), the Adneter Scheck was formed by
mass transport of early cemented and semiconsolidated sediments due to tectonic activities (Schlager, 1966;
Hudson and Jenkyns, 1969; Bernoulli and Jenkyns, 1970; Bo¨hm et al., 1995).
Other possible processes that resulted in the creation of limestone nodules include burrowing organisms (Abed
and Schneider, 1980), submarine dissolution of carbonate on the sea-floor (Hollmann, 1962, 1964; Bjorlykke,
1973, 1974), bacterially induced nodule growth (Jeans, 1980), sedimentary boudinage (McCrossan, 1958),
degradation of organic material (Schindewolf, 1921, 1923, 1925), pressure solution (Wanless, 1979) and early
diagenetic concretionary/nodular precipitation and lithification (Illies, 1949; Jenkyns, 1974; Mu¨ller and
Fabricius, 1974; Mullins et al., 1980; Noble and Howells, 1974; Mo¨ller and Kvingan, 1988), differential
diagenesis (Reinhardt et al., 2000; Westphal et al., 2000) and even the combination of different processes like
hydrodynamic reworking, bioturbation, selective early cementation, mechanical compaction and pressure
dissolution as reported by Bathurst (1987).
At Tingri (South Tibet), shallow-water nodular limestones can be classified into five different types of nodular
limestone categories (Stylonodular Rock I, Nodular Rock I, Nodular Rock II, Stylobedded Rock, Stylomottled
Rock) and some transitional members (Stylobedded Rock transitional to Stylobedded Rock II), based on their
appearance in field. Observations of those types of nodular limestones suggest that they were mostly formed
due to autochthonous rather than allochthonous processes (see chapter 4 ”Genesis of Paleocene and Lower
Eocene shallow-water nodular limestones of South Tibet (China)”, p. 79).
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”We shall not cease from exploration
and the end of all our exploring
will be to arrive where we started
and know the place for the first time.”
T. S. Eliot, taken from the poem ”Little Gidding”
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2. Microfacies analysis and correlation of the eastern Neo-Tethyan Ocean
Abstract
Microfacial investigations of Lower Paleogene sediments, based on four sections of the passive Indian
(Zanskar, Tingri, Gamba and Guru) and one section of the active Asian continental margin
(Cuojiangding). Eleven microfacies from the Tethyan Himalaya (prefixed with P for passive continental
margin) and four microfacies from the Xigaze forearc basin (prefixed with A for active continental
margin) were observed, based on the distribution of fossil assemblages, representing depositional
environment ranging from the tidal flat and restricted lagoonal part of the inner carbonate ramp to the
outer carbonate ramp: (P1) Green algae pack-/grainstone with small miliolids, (P2) Bioclast grainstone,
(P3) Rotaliidae packstone, (P4) Miscellaneidae-Rotaliidae-Nummulitidae pack-/grainstone, (P5)
Laminated and bioturbated mud- and grainstone, (P6) Alveolina wacke-/packstone with Soritidae, (P7)
Nummulites-Alveolina-Orbitolites pack-/floatstone, (P8) Discocyclinidae-Nummulitidae pack-/floatstone,
(P9) Rhodolith wacke-/packstone, (P10) Mudstone with anhydrite nodules, (P11) Planktonic
foraminiferal wackestone, (A1) Molluskan float-/rudstone, (A2) Nummulitidae wacke-/packstone, (A3)
Rodolith wacke-/packstone, (A4) Discocyclinidae-Nummulitidae float-/rudstone. The correlation of our
observations provides a detailed overview of the paleoenvironmental development and the sedimentary
history of the eastern Neo-Tethyan Ocean, showing a deepening from Lower Paleocene to Lower Eocene
in two stages.
KEYWORDS: paleoenvironment, microfacies analysis, eastern Neo-Tethys, Tethyan Himalaya, Xigaze
forearc strata, Paleogene, carbonate
2.1 Introduction
This paper is aiming for the reconstruction of the paleoenvironmental conditions and sedimentary evolution
based on the analysis and regional correlation of microfacies from the active and passive continental margin of
the eastern Neo-Tethyan Ocean. After several decades of research the discussion on the India-Asia continental
collision as well as the basin development within the eastern Neo-Tethys Ocean is still ongoing. Different
approaches like microfacies and sedimentary analysis, systematic description of foraminifera and
biostratigraphy, as well as provenance analysis have been used to reconstruct the geodynamic evolution of the
passive continental margin focused on the section areas of Tingri and Gamba in Tibet (e.g., Liu, 1992;
Willems, 1993; Willems et al., 1996; Wan et al., 2002, 2010; Hu et al., 2012; Zhang et al., 2012, 2013; Li
et al., 2015; Kahsnitz et al., 2016), and the area of Zanskar in Ladakh (e.g., Gaetani et al., 1983, 1986; Nicora
et al., 1987; Fuchs, 1987; Fuchs and Willems, 1990; Gaetani et al., 1996; Mathur et al., 2009).
Time-equivalent strata of the active continental margin were studied in the vicinity of Cuojiangding and Dajin
(e.g., Liu et al., 1988; Du¨rr, 1993; Wan et al., 2002; Ding et al., 2005; BouDagher-Fadel et al., 2015; Wang
et al., 2015; Hu et al., 2016). Though rough correlations between sediments of the Tethyan Himalaya (e.g.,
Fuchs and Willems, 1990) as well as between sediments from the active and passive continental margin (e.g.,
BouDagher-Fadel et al., 2015) have been considered, a detailed correlation between microfacies distribution
patterns and accordingly the basin evolution of the eastern Neo-Tethyan Ocean is not yet available.
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Microfacial investigations of Lower Paleogene sediments, based on four sections of the passive Indian
(Zanskar, Tingri, Gamba and Guru) and one section of the active Asian continental margin (Cuojiangding).
Eleven microfacies of the Tethyan Himalaya and four microfacies of the Xigaze forearc basin were observed,
based on the distribution of fossil assemblages. Correlation of our observations provides a detailed overview
of the paleoenvironmental development and the sedimentary history of the eastern Neo-Tethyan Ocean,
showing a deepening from Lower Paleocene to Lower Eocene in two stages.
2.2 Geological setting
Sample for paleoenvironmental and sedimentary reconstructions were taken from Paleocene to Lower Eocene
limestones from South Tibet (China) and Zanskar (Ladakh, India). Sediments of western Zanskar (India:
29◦55’N, 84◦19’E), Tingri (South Tibet: 28◦41’N, 86◦42’E), Gamba (South Tibet: 28◦17’N, 88◦32’E) and
Guru (South Tibet: 28◦06’N, 89◦12’E) are deposited on a carbonate ramp forming the northern passive
continental margin of the Indian continent (Gaetani et al., 1986; Fuchs and Willems, 1990; Willems, 1993;
Zhang et al., 2012) close to the equator (Fig. 2.1a). In contrast to this, the sedimentary history of the
Cuojiangding section (South Tibet: 29◦56’N, 84◦19’E) shows the depositional environment of a forearc basin
(called Xigaze forearc basin), formed at the southern active margin of the Asian continent at lower to middle
latitudes (Qian et al., 1982; Liu et al., 1988; Ding et al., 2005).
Today, the investigated sections belong to the Himalayan orogenic belt covering an area from Zanskar
(Chulung Chu) in northern India to South-Tibet (Cuojiangding, Tingri, Gamba and Guru) in China (Fig. 2.1b).
The Himalayan orogenic belt can be subdivided from north to south (Fig. 2.1c) into different structural units
(Gansser, 1964): the Lhasa Block (here the southern Lhasa Block is represented by Gangdese batholiths and
Linzizong volcanic successions), the Xigaze forearc strata, the Tethyan Himalaya and the Himalaya
(subdivided into Higher, Lesser and Sub-Himalaya). During Paleocene, the Lhasa Block and the Xigaze
forearc strata were part of the southern active continental margin of the Asian plate, while the Tethyan
Himalaya was part of the northern passive continental margin of the Indian plate.
At Tingri, Gamba and Guru, the Paleocene to Lower Eocene sediments of the Zongpu Formation were
deposited within a shallow-marine environment of a carbonate ramp (e.g., Willems, 1993; Willems et al.,
1996; Li et al., 2015; Kahsnitz et al., 2016). Additionally, we investigated the time-equivalent Lingshet
Limestone of the Spanboth Group of Chulung valley (= Chulung Chu) east of the Spongtang Massif in West
Figure 2.1 (following page): Paleogeographic, geographic and geological overview of the section area.
A Paleocene paleogeographic position of Cuojiangding on the southern active continental margin of
Asia and the locations of Chulung Chu (Ladakh), Tingri, Gamba and Guru on the northern passive
continental margin of India in the eastern Neo-Tethyan Ocean. Paleogeographic map is redrawn from
Smith et al. (1994). B Location of the five studied sections in China (Tibet: marked in grey) and India
(Zanskar, Ladakh). Abbreviations: Bhu - Bhutan, Kathman - Kathmandu. C Geological map of the
Himalaya (after Hu et al., 2016). Studied sections in Zanskar, Tingri, Gamba and Guru are part of the
Tethyan Himalaya (Indian-affinity), while the section in Cuojiangding represents the Xigaze forearc strata
(Asian-affinity). Abbreviations: GCT - Great Counter Thrust, KF - Karakoram Fault, STDZ - South
Tibet Detachment System, MBT - Main Boundary Thrust, MCT - Main Central Thrust, MFT - Main
Frontal Thrust. D Simplified stratigraphic sections of Cuojiangding, Zanskar, Tingri, Gamba and Guru
correlated on the stratigraphic level of the Paleocene-Eocene boundary (red dotted line). Lithological
accordance between the sections is marked with black dotted lines. Abbreviations: Cr - Cretaceous
21
2. Microfacies analysis and correlation of the eastern Neo-Tethyan Ocean
22
Zanskar (Ladakh). The depositional environment of the Dibling Limestone, correlating with the Lingshet
Limestone of Zanskar (Fuchs, 1982), located within the Spanboth valley southwest of the Chulung Chu, was
interpreted as a subtidal carbonate bay with terrigenous input. The base of the Dibling Limestone is indicated
by a sharp deepening, followed by a regression leading to environmental conditions of a restricted lagoon
(Gaetani et al., 1983, 1986; Nicora et al., 1987).
The Paleocene and Lower Eocene Quxia and Jialazi formations of Cuojiangding are described as being
deposited in a fan-delta environment within the Xigaze forearc basin of the southern active continental margin
of Asia (Hu et al., 2016).
2.3 Material and Methods
For microfacial analyses, about 1360 samples were taken from Paleocene to Lower Eocene strata of the
following locations: Cuojiangding (Quxia Formation, Section: 10TS), Tingri (Zongpu Formation, Sections:
09ZS, 10/11TM), Gamba (Zongpu Formation, Sections: ZP, ZM, F, 11TMG), Guru (Zongpu Formation,
Sections: GUR-LP/UP/LE) and Ladakh (Lingshet Limestone, Sections: ZL 1988/1990), with a sample density
varying between 0.5 and 1.5 m. At Cuojiangding sample density varies strongly depending on lithologic
variances, showing a sample gap of about 25 m in the middle part of the Jialazi Formation.
For better stratigraphic correlation, carbon isotope data are used from literature or measured to determine the
Paleocene-Eocene boundary, which is characterized by a sharp negative carbon isotope excursion (Dickens,
1999). Carbon isotope data to determine the Paleocene-Eocene boundary in Tingri and Gamba were taken
from Zhang et al. (Zhang et al., 2012, 2013). In order to define the position of the Paleocene-Eocene boundary
in the sections of Chulung Chu (Ladakh), Cuojiangding and Guru, carbon isotopes were measured of
bulk-samples (δ13Cbulk) using a Finnigan MAT 251 Spectrometer at the Center for Marine Environmental
Sciences (MARUM, University of Bremen). Reproducibility of the internal laboratory standard (Solnhofen
limestone) is ±0.03 for δ13C and ±0.08 for δ18O. Differences in lithology (interbedded limestone,
sandstone and conglomerate) cause a high variability of carbonate contents, ranging from 0 % to 97 %, in the
Cuojiangding section of the Xigaze forearc basin, bringing forth an incomplete carbon isotope curve when the
carbonate content is too low. Therefore, samples from Cuojiangding were decarbonated first, using diluted
hydrochloric acid (10 % HCl) for carbon isotope measurements at the total organic carbon (δ13CTOC). Mass
percentages of carbon isotopes were determined using a Thermo Finnigan Flash Elemental Analyzer 2000
with Delta V Plus Isotope Ratio Mass Spectrometer (IRMS) at the Center for Marine Environmental Sciences
(MARUM, University of Bremen).
Thin section analysis was used to determine sedimentary and diagenetic features of the limestones. The
determination of the microfacies was based on fossil assemblages and carbonate classification according to
Dunham (1962) and the expanded classification of Embry and Klovan (1971). With regard to their deposition,
either on the passive margin of the Indian continent or on the active margin of the Asian continent, microfacies
types were prefixed P (e.g., P1) for passive and A (e.g., A1) for active margin. Samples investigated herein
were stored at the working group Historical Geology/Paleontology of the Department of Geosciences
(University of Bremen).
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2.4 Litho- and (bio-)stratigraphy
A generalized lithological overview (Fig. 2.1d) of the investigated sections indicates that at all locations the
underlying beds are characterized by the occurrence of a massive sandstone layer (Quxia Formation, Stumpata
Quartzarenite and Jidula Formation). While on the passive margin (represented by the sections of Zanskar,
Tingri, Gamba and Guru) these sandstone units are followed by Paleocene to Lower Eocene limestone beds
(Lingshet Limestone/ Zongpu Formation), the active margin (section of Cuojiangding) shows a
time-equivalent marl- and limestone deposition which is frequently intercalated by massive sandstone and
conglomerate layers. The greenish and red marl- and mud-/claystones (Kong Slates, Enba Formation) from
Zanskar, Tingri and Gamba lying on top of the limestone units represent the end of the marine sedimentary
history during Lower Eocene.
2.4.1 The passive continental margin
Chulung Chu region, Zanskar - Spanboth Section
The Spanboth Group of Zanskar is subdivided into three lithological units from bottom to top called ’lower’,
’middle’ and ’upper Member’ (Gaetani et al., 1983, 1986; Baud et al., 1984) or ’Marpo Limestone’, ’Stumpata
Quartzarenite’ and ’Dibling Limestone’ (Nicora et al., 1987), respectively. In the valley called Chulung Chu,
the Spanboth Group is composed of the Stumpata Quartzarenite and the conformably overlying Lingshet
Limestone, the latter merging laterally into the Dibling Limestone (Fuchs, 1982). The Stumpata Quartzarenite
has a thickness of approx. 65 m (Fig. 2.1d) and consists of predominantly quarzitic sandstones, sometimes
showing cross bedding (Nicora et al., 1987; Fuchs and Willems, 1990). The Quartzarenite comprises rare trace
fossils (Skolithos) and is suggested to be of Lower Paleocene age (Nicora et al., 1987). The Lingshet
Limestone can be subdivided into three parts: the Lower Lingshet Limestone at the base, an Intermediate
Layer and the Upper Lingshet Limestone. Upper and Lower Lingshet Limestones show a thickness of approx.
68 m and approx. 75 m, respectively, and mainly consist of massive limestone beds as well as of marlstone,
sometimes dolomitized limestones and nodular limestones. Additionally, the marl- and limestone sediments of
the Lingshet Limestone are characterized by intercalated layers comprising numerous gypsum/anhydrite
nodules. Upper and Lower Lingshet Limestones are separated by a so called ’intermediate layer’,
characterized by the occurrence of nodular and marly limestones retreating morphologically, showing a
thickness of approximately 21 m. LBF such as Daviesina, Alveolina, Nummulites and Discocyclina indicate a
Paleocene to Lower Eocene age of the Lingshet Limestone (Gaetani et al., 1983, 1986; Nicora et al., 1987;
Mathur et al., 2009). In northern Zanskar, the end of marine sedimentation is characterized by the continental
red beds of the Kong Slates on top of the Lingshet Limestone (Gaetani and Garzanti, 1991).
Tingri/Gamba/Guru region - Zhepure Shan/Zongpu/Langzhu Section
In southern Tibet, the Paleocene to Lower Eocene strata outcropped close to the villages of Tingri, Gamba and
Guru. In Tingri, Gamba and Guru, the Zongpu Formation1 shows a thickness ∼420 m, ∼350 m and ∼290 m,
1also known as Zhepure Shan Formation in Tingri (e.g., Willems, 1993; Zhang et al., 2013, 2017) and Langzhu Formation
in Guru (Kahsnitz et al., 2016)
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respectively, and is underlain by the Jidula Formation (Fig. 2.1d) and overlain by the Enba Formation2
representing the end of the marine sedimentation (Willems, 1993; Zhu et al., 2005). In Tingri and Gamba the
Zongpu Formation can be subdivided into four lithological units, which are from bottom to top: cyclic
limestone (Member A), massive limestone (Member B), nodular limestone (Member C), massive limestone
(Member D). In Guru the Zongpu Formation mainly consists of massive and nodular limestones but the
general lithological successions fount at Tingri and Gamba are not fully developed. Larger benthic
foraminifera such as Lockhartia, Ranikothalia, Miscellanea, Alveolina and Nummulites indicate a Paleocene
to Lower Eocene age of the Zongpu Formation (Willems, 1993; Zhang et al., 2013).
2.4.2 The active continental margin
Zongba region - Cuojiangding Section
The Paleocene Quxia Formation in the vicinity of the village Cuojiangding of the Zongba region is
unconformably overlying the Cretaceous Quebeiya Formation. It is composed of siliciclastic material,
comprises a thickness of ∼63 m and consists of several fining upward sequences, starting with massive
conglomerate at the base, passing over to sandstone and even to mudstone/shale at the top (Fig. 2.1d). The
Quxia Formation is generally poor in fossils, providing no stratigraphic indications, therefore the age is
suggested to be Danian (Wan et al., 2001). The Quxia Formation is conformably overlain by the lithologically
very variable Jialazi Formation with a thickness of ∼242 m. It is composed of an alternating sequence of
limestone, sandstone and conglomerate, and minor intercalations of volcanic tuff (Ding et al., 2005). The
Jialazi Formation has a Paleocene to Lower Eocene age, as indicated by foraminifera (Liu et al., 1988; Ding
et al., 2005; Hu et al., 2016).
2.5 Stratigraphic correlation based on isotope measurements
The Paleocene-Eocene boundary is characterized by a sharp negative carbon isotope excursion at the end of
the Paleocene (Dickens, 1999). For better stratigraphic correlation of sediments observed in this study carbon
isotope curves are either taken from literature (Zhang et al., 2012, 2013, for Tingri and Gamba) or have been
measured (Zanskar, Cuojiangding and Guru).
Due to the high terrigenous input delivered from the Asian continent, the sedimentary sequence of
Cuojiangding frequently alternates between limestone to sandstone and conglomerate. This results in a high
variability of carbonate contents, ranging from 0 to 97 %, causing an incomplete carbon isotope curve from
bulk sediments in cases where carbonate content is too low (see Fig. 2.2). Hence, carbon isotopes of the total
organic carbon were measured as well, with the intention to gather more reliable data to clarify the
stratigraphic position of the Paleocene-Eocene boundary in the Cuojiangding section. However, the carbon
isotope data of total organic carbon seemed to be influenced by the lithological composition: sandstone and
conglomerate display more negative, while limestone exhibits more positive carbonate isotope values. This
could be explained by differences in the source area of the organic matter. Limestone mainly contains marine
organic material, while organic material of sandstone and conglomerate certainly possess a more terrigenous
2also known as Youxia Formation in Tingri (e.g., Zhang et al., 2012, 2013) and Zongpubei Formation in Gamba (e.g.,
Willems, 1993; Zhang et al., 2012, 2013)
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source area. Nevertheless, both carbon isotope curves (δ13Cbulk and δ13CTOC) are highly incomplete,
especially in the middle part of the Jialazi Formation, just in a section part where the Paleocene-Eocene
boundary is expected, due to remarkable changes in microfacies composition as well as a highly negative
carbon isotope value of –10,10 measured in bulk carbonate. In Cuojiangding the Paleocene-Eocene
boundary is therefore expected in the middle part of the Jialazi Formation in a thick sandstone to conglomerate
layer below Microfacies A1.
Carbon isotope measurements from the Spanboth Group of Chulung Chu in Ladakh show a negative carbon
isotope excursion at sample number 38 within the so called Intermediate Layer between the Lower and Upper
Lingshet Limestone with an negative excursion of about –6 (see Fig. 2.3). Due to the high sample distance
between sample 38 and 39, it is not possible to precisely indicate the Paleocene-Eocene boundary. Therefore
the boundary is just roughly constrained.
At Tingri, the sedimentary sequence of the Zongpu Formation is nearly complete, showing a negative carbon
isotope excursion in the nodular limestone section part (see Fig. 2.4), with an excursion of about –6 and a
thickness of the sedimentary pile of ∼11 m (Zhang et al., 2013, 2017). At Gamba, the Paleocene-Eocene
boundary of the Zongpu Formation is recorded directly at the boundary between nodular limestone of Member
C and massive limestone of Member D (Zhang et al., 2012), indicating a hiatus between the two lithological
units. The negative carbon isotope excursion is about –8 (see Fig. 2.5).
In the Zongpu Formation of Guru, the carbon isotope excursion is incomplete due to several sedimentary
hiatuses, and thus doesn’t provide any reliable information on the position of the CIE and consequently, the
position of the Paleocene-Eocene boundary in the studied section is uncertain (see Fig. 2.6). Instead, the
denomination of the Paleocene-Eocene boundary at Guru is drawn from investigations on the assemblage of
larger benthic foraminifera carried out by Kahsnitz et al. (2016). Based upon their results, the
Paleocene-Eocene boundary is roughly constrained in the upper part of the section, at the change from shallow
benthic zone 5 to shallow benthic zone 7, where the microfacies changes from an algal-dominated assemblage
with Rotaliidae LBF to an assemblage characterized by Nummulites, Alveolina and Orbitolites.
Figure 2.2 (following page): Stratigraphic distribution of major fossils and allochems during Paleocene
and Lower Eocene in the Quxia and Jialazi formations of Cuojiangding. Paleocene-Eocene boundary is
roughly constrained, based on isotope analysis. Shallow benthic zones are taken from Hu et al. (2016).
Due to a high variability of carbonate content ranging from 0 to 97 %, the carbon isotope excursion
in Cuojiangding is highly incomplete. Paleocene-Eocene boundary is therefore roughly constrained (red
area), where the carbon isotopes show one most negative value. See figure 2.11 for explanations of
lithological symbols. Abbreviations: Cr - Cretaceous, PDB - Pee Dee Belemnite, Rotal - Rotaliidae, SBZ
- Shallow benthic zones.
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Figure 2.3 (following page): Stratigraphic distribution of major fossils and allochems during Paleocene
and Lower Eocene in the Spanboth Formation of the Chulung Chu section in Zanskar. Paleocene-Eocene
boundary (red area) is roughly constrained, based on isotope data. Shallow benthic zones are taken
from Mathur et al. (2009). See figure 2.11 for explanations of lithological symbols and figure 2.2 for
quantitative symbols. Abbreviations: Num - Nummulitidae, PDB - Pee Dee Belemnite, SBZ - Shallow
benthic zones.
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Figure 2.4 (following page): Stratigraphic distribution of major fossils and allochems during Paleocene
and Lower Eocene in the Zongpu Formation of the Tingri. Paleocene-Eocene boundary (red line), carbon
isotope curve and shallow benthic zones are taken from Zhang et al. (2013) for the Zhepure Section. See
figure 2.11 for explanations of lithological symbols and figure 2.2 for quantitative symbols. Abbreviations:
Keramosph. - Keramosphaerinopsis, PDB - Pee Dee Belemnite, SBZ - Shallow benthic zones.
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Figure 2.5 (following page): Stratigraphic distribution of major fossils and allochems during Paleocene
and Lower Eocene in the Zongpu Formation of Gamba. Paleocene-Eocene boundary (red line), carbon
isotope curve and shallow benthic zonation are taken from Zhang et al. (2012, 2013). See figure 2.11 for
explanations of lithological symbols and figure 2.2 for quantitative symbols. Abbreviations: Nummul -
Nummulitidae, PDB - Pee Dee Belemnite, SBZ - Shallow benthic zones.
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Figure 2.6 (following page): Stratigraphic distribution of major fossils and allochems during Paleocene
and Lower Eocene in the Zongpu Formation of Guru. Due to the lack of information given by the carbon
isotope data, the Paleocene-Eocene boundary (red line) and shallow benthic zonation based on isotope
and foraminiferal analysis given by Zhang et al. (2012, 2013) and adopted according to Kahsnitz et al.
(2016). See figure 2.11 for explanations of lithological symbols and figure 2.2 for quantitative symbols.
Abbreviations: Nummul - Nummulitidae, PDB - Pee Dee Belemnite, SBZ - Shallow benthic zones.
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2.6 Microfacies analysis
In this study, microfacies analysis of five stratigraphic sections in South Tibet and Ladakh (India) resulted in
the definition of eleven microfacies types characterizing the passive continental margin of India (prefixed with
P) and four microfacies types characterizing the active continental margin of Asia (prefixed with A, Table 2.1).
Generally, the sediments from the active continental margin have a considerably higher content in siliciclastic
material compared to those from the passive continental margin which are dominated by carbonates with low
terrigenous input. In the frame of our microfacial investigation (see Figs. 2.3 to 2.6 for detailed
biostratigraphy) of Paleocene and Eocene shallow-water limestone, larger benthic foraminifera (LBF) act as
sensitive proxy for paleoenvironmental reconstructions, comprising important information of ancient water
depth (e.g., Hallock and Glenn, 1986; Hottinger, 1973, 1997; Beavington-Penney and Racey, 2004).
Occurrences of microfacies within the sediments are described in respect to the shallow benthic zones (SBZ)
taken from Zhang et al. (2013) for Tingri and Gamba, from Kahsnitz et al. (2016) for Guru, from Mathur et al.
(2009) for western Zanskar and from Hu et al. (2016) for Cuojiangding.
Xigaze forearc basin Tethys Himalaya
MF-Type Cuojiangding Ladakh Tingri Gamba Guru
A1 x
A2 x
A3 x
A4 x
P1 x x x x
P2 x x x x
P3 x x x x
P4 x x x
P5 x
P6 x x x x
P7 x x x
P8 x x
P9 x
P10 x
P11 x
Table 2.1: Distribution of microfacies types (MF) in relation to the investigated areas of the Xigaze
forearc basin and the Tethyan Himalaya. According their deposition within the eastern Neo-Tethyan
Ocean the microfacies are prefixed with A for active continental margin of Asia (Xigaze forearc basin)
and P for passice continental margin of India (Tethyan Himalaya).
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2.6.1 The passive continental margin
Microfacies P1: Green algae Pack-/Grainstone with miliolids
Description: Characterized by a pack- to grainstone fabric with abundant occurrence of green algae Halimeda
(Family Halimedaceae) and Ovulites (Family Udoteaceae) in Tingri and dasycladacean green algae in Gamba
and Guru (Fig. 2.7a). In Ladakh, Ovulites and dasycladacean green algae are dominant. Small miliolid
foraminifera, as well as gastropods and bivalves are common. First frequent occurrences of rotaliid
foraminifera (e.g., Lockhartia, Daviesina, Rotorbinella) within the upper part of the microfacies. Further
bioclasts are other benthic foraminifera, echinoderms, ostracods, scleractinian corals and sponges. Samples
identified as packstone fabric are sometimes characterized by dolomite rhombs or microspar. Detrital quartz
can be found sporadic, as well as ooids and pellets.
Occurrence: This microfacies forms the lowermost section part of the Lower Lingshet Limestone (upper part
of SBZ4) in Ladakh and the Zongpu Formation of Tingri, Gamba and Guru (lower part of SBZ2).
Boundary and thickness: The transition with the overlying microfacies P2 is sharp in Ladakh, Tingri and
Gamba and gradual with the overlying microfacies P9 in Guru, showing a thickness of ∼41 m, ∼108 m,
∼10 m and ∼50 m, respectively.
Depositional environment: The high amount of green algae indicates deposition within a shallow water
environment with low energy. Especially, the udoteacean algae Ovulites is a good indicator for deposition in
shallow lagoonal environments (Ghose, 1977; Wray, 1977). Therefore the depositional environment is
regarded as a restricted shallow subtidal environment comparable to a lagoon or the restricted part of an inner
carbonate ramp.
Microfacies P2: Bioclast grainstone
Description: Characterized by a grainstone fabric with dominant occurrence of Rotaliidae LBF, especially
Lockhartia, Daviesina and Rotorbinella (Fig. 2.7b). Miliolids and echinoids with syntaxial rims are also
common organisms. Red algae also characterizes this microfacies, while green algae occur frequently.
Lithoclasts and fecal pellets are primary allochems of the microfacies.
Occurrence: Paleocene of the Lower Lingshet Limestone of Ladakh (lower part of SBZ5) and Zongpu
Formation of Tingri (SBZ2), Gamba (upper part of SBZ2) and Guru (SBZ3).
Figure 2.7 (following page): Microfacies types characteristic of the passive (P) Indian continental mar-
gin. A Microfacies P1: Green algae Pack-/Grainstone with miliolids (sample 09Z46). B Microfacies P2:
Bioclast grainstone (sample ZP16). C Microfacies P3: Rotaliidae Pack-/Grainstone (sample 09ZS171).
D-E Microfacies P4: Miscellaneidae-Rotaliidae-Nummulitidae Pack-/Grainstone (samples GUR-UP05
and 09ZS263). F-GMicrofacies P5: Laminated and bioturbated Mud- and Grainstone (samples 09ZS264
and 09ZS265). H Microfacies P6: Alveolina Wacke-/Packstone with Soritidae (sample GUR-LE07). Ab-
breviations: Al - Alveolina, Ha - Halimeda, Ka -Kathina, Li - Lithoklast, Lo - Lockhartia, Mi -Miscellanea,
Ml - miliolid foraminifera, Or - Orbitolites, Os - Orbitosiphon, Ov - Ovulites, Pl - Plumokathina, Ra -
Ranikothalia.
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Boundary and thickness: The transition towards the underlying microfacies P1 at Zanskar, Tingri and Gamba
is sharp, while the contact towards the overlying microfacies P3 is gradual. In Guru the transition to the
underlying microfacies P1 and the overlying microfacies P9 is gradual. Thickness of P2 varies between
∼10 m in Ladakh, ∼12 m in Tingri, ∼36 m in Gamba and ∼20 m in Guru.
Depositional environment: This microfacies is described by Li et al. (2015) for the Zongpu Formation in
Gamba and interpreted as deposited in shallow but open environments adjacent to shoal bars. Therefore we
assume depositional environment on the inner carbonate ramp near shoal bars with very shallow water depths.
Microfacies P3: Rotaliidae Packstone
Description: Packstone samples of this microfacies comprise a dominant occurrence of Rotaliidae
foraminifera, in particular Lockhartia, Daviesina, Rotorbinella (Fig. 2.7c). Further LBF are
Keramosphaerinopsis and Aberisphaera, occasionally also Fallotella (Tingri and Ladakh). Miscellanea,
Ranikothalia, Setia and Orbitosiphon appear frequently. At Tingri, green algae Halimeda (Family
Halimedaceae) and Ovulites (Family Udoteaceae) are common, in Gamba dasycladacean green algae prevail.
Small benthic as well as small miliolid foraminifera, red algae, ostracods, bivalves, gastropods, echinoids and
corals appear rarely. Dolomite rhombs, microspar and terrigenous quartz are frequent. Additionally, fecal
pellets may be part of the components.
Occurrence: Paleocene of the Lower Lingshet Limestone of Ladakh (upper part of SBZ5) and Zongpu
Formation of Tingri (upper part of SBZ2 to SBZ4), Gamba (upper SBZ2 to SBZ4) and Guru (SBZ4).
Boundary and thickness: The transition towards the underlying microfacies P2 occurs gradually in Zanskar,
Tingri and Gamba. At Guru, between microfacies P1, P2 and P3, intercalations of P9 can be recognized,
showing gradual boundaries between the different microfacies. At Tingri, Gamba and Guru the transition
towards the overlying microfacies P4 is gradual, while in Zanskar the transition to the overlying microfacies
P10 is pronounced. The thickness of P3 varies between ∼20 m in Zanskar, ∼135 m in Tingri, ∼120 m in
Gamba and ∼32 m in Guru.
Depositional environment: The dominant occurrence of rotaliids Lockhartia and Daviesina is characteristic for
shallow subtidal environments with higher water agitation (Reiss and Hottinger, 1984; Hottinger, 1997). The
occurrence of green algae is indicative for a good light penetration (Zhicheng et al., 1997). Therefore
depositional environment is interpreted as open marine environment of the inner carbonate ramp.
Microfacies P4: Miscellaneidae-Rotaliidae-Nummulitidae Pack-/Grainstone
Description: The pack- and grainstone fabric is dominated by LBF Miscellanea, as well as Rotaliidae (e.g.
Daviesina, Lockhartia, Kathina) and Nummulitidae (e.g., Operculina, Ranikothalia) foraminifera (Figs. 2.7d,
2.7e). Dasycladacean green algae and Ovulites, small miliolid foraminifera, echinoids, corals, and sponges are
less frequent. Foraminifera Orbitolites and Alveolina act as accessory organisms. The matrix is micritic to
microsparitic, sometimes selectively dolomitic. Terrigenous quartz as well as pellets are accessory particles.
Occurrence: Paleocene Zongpu Formation of Tingri, Gamba and Guru (SBZ5).
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Boundary and thickness: The transition towards the underlying microfacies P3 at Tingri, Gamba and Guru is
gradual. The contact to the overlying microfacies P6 at Tingri and Gamba is pronounced, while the transition
into the overlying P9 in Guru is gradual. At Tingri, this microfacies is intercalated with pronounced
boundaries by microfacies P5 and at Guru by microfacies P9 with gradual contacts. The thickness varies from
∼50 m at Tingri, ∼158 m at Gamba and ∼110 m at Guru.
Depositional environment: High amounts of well-preserved and abundant rotaliid and nummulitid
foraminifera are indicative for open marine deposition. Additionally, the association of the LBF Ranikothalia
with Operculina is described as indicative for low-energy environments with water depth ranging from 60 to
90 m (Hottinger, 1973; Reiss and Hottinger, 1984; Hottinger, 1997; Beavington-Penney and Racey, 2004).
Therefore this microfacies is assumed to represent deposition on a mid-carbonate ramp.
Microfacies P5: Laminated and bioturbated Mud- and Grainstone
Description: Samples showing mud- and grainstone fabric arranged in a millimeter thick laminated (Fig. 2.7f)
or strongly bioturbated way (Fig. 2.7g). Grainstone-type sediments are characterized by the occurrence of
rotaliid (e.g. Lockhartia, Daviesina) and nummulitid (e.g. Operculina, Ranikothalia) LBF, as well as LBF
Orbitolites and small miliolid foraminifera. Less frequent are dasycladacean algae, ostracods and sponges.
The occurrence of a micritic matrix and the lack of fossils characterize those sediments described as
mudstone-type.
Occurrence: Upper Paleocene Zongpu Formation (SBZ5) of Tingri.
Boundary and thickness: With a thickness of ∼10 m, the boundary to the underlying as well as the overlying
microfacies P4, is pronounced.
Depositional environment: Described facies in sediment described as grainstone is similar to the associated
organisms of microfacies P4 representative for a deposition on a mid-carbonate ramp. A similar microfacies is
described from Spain (Ba´denas and Aurell, 2010) suggesting deposition between the distal (low-energy) and
proximal (high-energy) environment, where alternation of episodic storm-flows and accumulation of lime mud
in quiet periods resulted in the formation of laminated mud- and grainstones. During quiet periods and the
sedimentation of mud sediments bioturbation led to the noticed mixture of both sediment types.
Microfacies P6: Alveolina Wacke-/Packstone with Soritidae
Description: Wacke- and packstone fabrics, dominated and characterized by the abundant occurrence of
Alveolina (Figs. 2.7h, 2.8a). At Tingri, Gamba and Guru Orbitolites occur as well, while at Ladakh the LBF
Opertorbitolites are found. Small miliolid foraminifera and Lenticulina foraminifera are common in the upper
part of the microfacies. In addition, small amounts of the rotaliid LBF Lockhartia, as well as ostracods,
echinoids and fecal pellets occur. The matrix is frequently formed by microspar. Porcellaneous tests of
Alveolina and miliolids often show a cloudy and indistinct appearance interpreted as ”the diffusely
microsparitic preservation” of the porcellaneous foraminifera (Willems, 1993, p. 75) evident for the influence
of freshwater diagenesis (Inden and Moore, 1983) within the Lower Eocene.
Occurrence: Lower Eocene of the Upper Lingshet Limestone of Ladakh (SBZ6), as well as the Zongpu
Formation of Tingri (SBZ6 and lower part of SBZ7), Gamba (lower part of SBZ7) and Guru (SBZ7).
40
Boundary and thickness: The boundary with the underlying microfacies P5 at Tingri and Gamba and P9 at
Guru is pronounced due to an outcrop gap. Demarcation with the overlying P7 at Tingri and Gamba is
gradual. A distinct boundary exists to the underlying microfacies P10 and overlying P8, as well as the
interfingering microfacies P11 at Ladakh. Thickness varies from ∼60 m at Ladakh, ∼30 m at Tingri, ∼20 m at
Gamba to ∼15 m at Guru.
Depositional environment: The LBF Alveolina is described to live in an agitated environment with water
depths down to about 60 m, while the LBF Orbitolites is indicative for restricted shallow environments
(Hottinger, 1973; Reiss and Hottinger, 1984; Hottinger, 1997; Beavington-Penney and Racey, 2004).
Therefore this microfacies is indicative for deposition in a restricted shallow water environment of the inner
carbonate ramp with low-energy.
Microfacies P7: Nummulites-Alveolina-Orbitolites Pack-/Floatstone
Description: Pack- to floatstone fabrics are dominant, characterized by abundant occurrence of Nummulites,
Alveolina and Orbitolites (Figs. 2.8b, 2.8c). Small miliolid foraminifera and Lenticulina are common. In
small amounts the rotaliid LBF Lockhartia, as well as ostracods, echinoids, corals and sponges appear. Matrix
is predominantly micritic.
Occurrence: Lower Eocene Zongpu Formation of Tingri (upper SBZ7 and SBZ8) and Gamba (upper part of
SBZ7).
Boundary and thickness: With the underlying microfacies P6 the transition is gradual at Tingri and Gamba.
With the overlying microfacies P7 in Tingri the transition is gradual as well. Thickness varies between ∼9 m
in Gamba up to ∼48 m in Tingri.
Depositional environment: Thick-walled Nummulites accompanied by Alveolina and Orbitolites represent
depositions in a mid-carbonate ramp environment with water depth ranging from 50 to 90 m (Reiss and
Hottinger, 1984; Hottinger, 1997).
Microfacies P8: Discocyclinidae-Nummulitidae Pack-/Floatstone
Description: Pack- to floatstone fabrics which are characterized by abundant occurrence of the LBF
Discocyclina, as well as by Assilina and Nummulites (Figs. 2.8d, 2.8e). Small miliolid foraminifera, bivalves,
gastropods, echinoderms, corals and sponges are accessory components in the mainly micritic matrix.
Occurrence: Lower Eocene of the Upper Lingshet Limestone (SBZ6) and Zongpu Formation (SBZ9 and
SBZ10) of Ladakh and Tingri.
Figure 2.8 (following page): Microfacies types characteristic of the passive (P) Indian continental
margin. A Microfacies P6: Alveolina Wacke-/Packstone with Soritidae (sample 11TM131). B-C Micro-
facies P7: Nummulites-Alveolina-Orbitolites Floatstone (samples 09ZS463 and 09ZS468). D-E Micro-
facies P8: Discocyclinidae-Nummulitidae Float-/Rudstone (samples 09ZS499 and 09ZS500). F-G Mi-
crofacies P9: Rodolith Wacke-/Packstone (samples GUR-LP47 and GUR-UP56). H Microfacies P10:
Mudstone with anhydrite nodules (sample ZL35). Abbreviations: Al - Alveolina, Co - Corallinaceae, Di
- Discocyclina, Gy - Gypsum, Nu - Nummulites, Or - Orbitolites, Py - Pyrite, Ra - Ranikothalia, Sc -
Scleractinian coral.
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Boundary and thickness: Boundaries with the underlying microfacies P6 and P7 in Ladakh and Tingri are
gradual, exhibiting a comparable thickness of ∼9 m in Ladakh and ∼11 m in Tingri.
Depositional environment: Association of large and thin-walled Nummulites with similar shaped Assilina and
Discocyclina represents environments with relatively deep water (Hottinger, 1997; Beavington-Penney and
Racey, 2004). Therefore this microfacies represents a habitat within the lower photic zone of the outer
carbonate ramp.
Microfacies P9: Rhodolith Wacke-/Packstone
Description: A characteristic feature is the high abundant occurrence of encrusting coralline red algae forming
laminar rhodoids embedded in a wacke- to packstone fabric. Scleractinian corals and sponges often act as
rhodoid nuclei (Figs. 2.8f, 2.8g). In most cases bivalves, gastropods and echinoids, as well as LBF like
Lockhartia, Ranikothalia or Miscellanea occur frequently. Matrix is micritic to microsparitic.
Occurrence: Paleocene Zongpu Formation (boundary between SBZ2 and SBZ3, upper part of SBZ3 and
upper part of SBZ5) of Guru.
Boundary and thickness: This microfacies appears as intercalations between microfacies P1, P2 and P3 and as
intercalation within microfacies P4 in Guru, always exhibiting gradual transitions between the different facies.
Thickness varies between ∼8 m and ∼17 m.
Depositional environment: In Tibet this type of microfacies is described to form rhodoids or small patch-reefs
in shallow subtidal settings forming barriers between the open marine environment and the restricted lagoon
of the inner carbonate ramp (Willems et al., 1996; Zhicheng et al., 1997).
Microfacies P10: Mudstone with anhydrite nodules
Description: The micritic, occasionally dolomitized matrix comprises no biota (Fig. 2.8h), except for some
miliolid and agglutinating foraminifera. Scattered characteristic features are pyrite aggregates and especially
anhydrite crystals.
Occurrence: At the Paleocene-Eocene boundary of the Spanboth Group and the Intermediate Layer between
the Upper and the Lower Lingshet Limestone (boundary SBZ5 and SBZ6), both Ladakh.
Boundary and thickness: Distinct boundary with the underlying microfacies P2 and the overlying microfacies
P6, showing a thickness of ∼19 m.
Depositional environment: Low biodiversity lime (dolo)mudstone, in combination with authigenic evaporite
(here anhydrite) is representative for tidal flat environments or arid evaporitic coasts like sabkhas (Warren,
2006; Flu¨gel, 2010). Authigenic pyrite documents the occurrence of organic material, replaced under
reductive diagenetic conditions (Wilson, 1975; Flu¨gel, 2010).
Microfacies P11: Planktonic foraminiferal Wackestone
Description: Characterized by planktonic foraminifera embedded in a micritic matrix producing a wackestone
fabric (Fig. 2.9a). Further bioclasts like Alveolina, small benthic foraminifera, miliolid foraminifera,
echinoderms and ostracods can be found frequently. Bivalves and gastropods are rare.
Occurrence: Lower Eocene part of the Upper Lingshet Limestone (SBZ6) of Ladakh.
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Boundary and thickness: Distinct boundary to the underlying as well as overlying microfacies P5, showing a
thickness of ∼10 m.
Depositional environment: Planktonic foraminifera within a micritic matrix indicate deposition in an open
marine deep water environment of the outer carbonate ramp (Flu¨gel, 2010).
2.6.2 The active continental margin
Microfacies A1: Molluskan Float-/Rudstone
Description: Fine-grained float- and rudstone with large-sized mollusks involving bivalves and gastropods
with good shell preservation (Figs. 2.9b, 2.9c). LBF of the family Nummulitidae (Ranikothalia, Nummulites
and Assilina), as well as some Miscellanea also occur frequently. Intraclasts are also common. Matrix is
mostly micritic to microsparitic and characterized by the occurrence of poorly sorted, subangular to rounded
detrital quartz grains.
Occurrence: Paleocene (upper SBZ3) and Lower Eocene (lower SBZ5) Jialazi Formation of Cuojiangding.
Boundary and thickness: Appears twice, once in the Upper Paleocene and once in the Lower Eocene, both
showing a thickness of about 20 m. Microfacies A1 of Paleocene age shows sharp boundaries to the
underlying sandstone layer as well as to the overlying microfacies A2. Lower Eocene microfacies A1 shows
sharp contacts with the overlying and underlying sandstone layers.
Depositional environment: Dominant appearance of bivalve and gastropod shells, as well as the high amount
of detrital quartz characterizes a very shallow tidal flat environment proximal to a terrestrial source area. This
assumption is supported by other Cenozoic facies dominated by mollusks representing shallow and near-shore
environments (e.g., Buxton and Pedley, 1989; Lukasik et al., 2000; Lukasik and James, 2006).
Microfacies A2: Nummulitidae Wacke-/Packstone
Description: Dominant appearance of Ranikothalia and some Assilina (Fig. 2.9d). Further foraminifera, such
as Daviesina, Lockhartia, Miscellanea and Discocyclina, are less frequent. Additional bioclasts include small
benthic foraminifera, fragments of coralline red algae, scleractinian corals, bivalves, gastropods and rare
echinoderms. Sediment fabrics are dominated by wacke- and packstone. Matrix is mostly micritic to
microsparitic with poorly sorted, subangular to rounded detrital quartz.
Occurrence: Paleocene (upper SBZ3 and lower SBZ4) Jialazi Formation of Cuojiangding.
Boundary and thickness: Thickness about 28 m with a sharp boundary to the underlying microfacies A1 and a
transitional boundary to the overlying microfacies A3.
Figure 2.9 (following page): Microfacies types characteristic of the passive (P) Indian (Fig. a) and
the active (A) Asian (Figs. b-h) continental margin. A Microfacies P11: Planktonic foraminiferal
Wackestone (sample ZL18). B-C Microfacies A1: Molluskan Float-/Rudstone (samples 10TS282 and
10TS291). D Microfacies A2: Nummulitidae Wacke-/Packstone (sample 10TS241). E-F Microfacies A3:
Rodolith Wacke-/Packstone (samples 10TS270 and 10TS270). G-H Microfacies A4: Discocyclinidae-
Nummulitidae Float-/Rudstone (samples 10TS300 and 10TS331). Abbreviations: Bi - Bivalve, Co
- Corallinaceae, Di - Discocyclina, Ga - Gastropod, Pf - Planktonic foraminifera, Py - Pyrite, Ra -
Ranikothalia, Sp - Sponge.
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Depositional environment: The dominant appearance of nummulitid LBF, especially the association of
Ranikothalia and Operculina, indicates deposition in a low-energy and open marine environment with water
depth ranging from 60 to 90 m (Hottinger, 1973; Reiss and Hottinger, 1984; Hottinger, 1997;
Beavington-Penney and Racey, 2004). Therefore we assume deposition below fair-weather-wave base of the
Xigaze forearc basin. High amount of detrital quartz show deposition proximal to a terrestrial source area,
placed on the Lhasa Block.
Microfacies A3: Rodolith Wacke-/Packstone
Description: High abundance of encrusting corralinacean red algae corals forming laminar rhodoids
embedded in a wacke- to packstone fabric. Scleractinian corals and sponges often act as rhodoid nuclei (Figs.
2.9e, 2.9f). LBF like Ranikothalia, Nummulites, Assilina, Miscellanea and Discocyclina, as well as small
benthic foraminifera and bivalves can be found frequently. Detrital quartz appears sporadically.
Occurrence: Paleocene (lower SBZ4) Jialazi Formation of Cuojiangding.
Boundary and thickness: Thickness of ∼9 m with a transitional boundary to the underlying microfacies A2
and a distinct boundary to the overlying sandstone layer.
Depositional environment: As described in microfacies P9, this microfacies is described to form rhodoids or
small patch-reefs in shallow subtidal settings. Therefore it is assumed to form barriers between the open
marine environment and the restricted lagoon of the inner carbonate ramp on the Indian passive continental
margin (Willems et al., 1996; Zhicheng et al., 1997). For the Asian active continental margin we assume that
the associated organisms form rhodoids or patch-reefs in a depositional environment above the fair-weather
wave base within the Xigaze forearc basin.
Microfacies A4: Discocyclinidae-Nummulitidae Float-/Rudstone
Description: Common nummulitid LBF (Ranikothalia, Nummulites, Assilina and Operculina), as well as
Discocyclina are the dominant biota (Figs. 2.9g, 2.9h) of these float- and rudstone. Further bioclasts are
represented by Miscellanea, small benthic foraminifera, coralline red algae and sponges. Gastropods and
echinoids are very rare. Matrix is predominantly micritic, sometimes microsparitic. Frequent occurrences of
detrital quartz can be recognized.
Occurrence: Lower Eocene (SBZ5) of the Cuojiangding Formation.
Boundary and thickness: With a thickness of ∼65 m the facies exhibits a pronounced boundary with the
underlying and overlying sandstone layer.
Depositional environment: Thin-walled Assilina and Nummulites are to be supposed representative of for
depositional environments of the outer carbonate ramp with water depth ranging between 80 to 120 m
(Hottinger, 1997). Therefore we assume a deposition below storm-wave base of the Xigaze forearc basin
proximal to a terrestrial source area. Detrital quartz in this microfacies is possibly incorporated by aeolian
transport or due to the erosion of the underlying sandstone layer.
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2.7 Sedimentary model and regional correlation
Analysis and regional correlation of microfacies from stratigraphic sections of the passive Indian and active
Asian continental margin were carried out to reconstruct the sedimentary and paleoenvironmental evolution of
the eastern Neo-Tethyan Ocean and to demonstrate similarities and differences in the sedimentary history of
both areas.
2.7.1 Sedimentary history of the passive continental margin
In literature the Cretaceous to Early Tertiary sedimentary evolution of the Indian passive continental margin is
described as largely consistent, with strong similarities between the Chulung Chu area (Ladakh) and the
studied sections in South Tibet (Gaetani et al., 1980; Fuchs and Willems, 1990; Zhang et al., 2012).
In the Tethyan Himalaya, the stratigraphically lowermost part of the Paleogene sequence is characterized by
the occurrence of massive sandstone, the Stumpata Quartzarenite in Zanskar, and the Jidula Formation in
south Tibet, representing marine shoreface sandstones. At Tingri, Gamba, Guru and Chulung Chu this
sandstone is followed by Paleocene to Lower Eocene limestone beds (Lingshet Limestone, Zongpu
Formation) and Lower Eocene marl and mudstone in some sections (Kong Slates, Enba Formation), indicating
the final stage of marine sedimentary history.
At Gamba, a detailed microfacies analysis has been carried out by Li et al. (2015), showing two
deepening-upward sequences separated by a disconformity. This transgressive trend evolves from
shallow-water environments of inner parts of an open marine carbonate ramp to sediments deposited in a distal
outer environment. This sedimentary tendency can be recognized all over the entire Tethyan Himalaya from
Ladakh (Nicora et al., 1987) to Tingri and Gamba (Zhang et al., 2012).
Our investigations exhibit strong similarities in the stratigraphic succession of microfacies from the Tethyan
Himalaya (Fig. 2.10), ranging from algal-dominated (P1, P2) to microfacies controlled by Rotaliidae and/or
Nummulitidae LBF (P3, P4) and up to Alveolina-Soritidae and Nummulitidae dominated microfacies (P5, P6),
showing an overall deepening process during Paleocene to Lower Eocene. Here, a first deepening event from
Middle Paleocene to the end of Paleocene (microfacies P4 in Tingri, Gamba and Guru), can be recognized,
followed by a shallowing event associated with uplift at or after the Paleocene-Eocene boundary (microfacies
P6 in Ladakh, Tingri, Gamba and Guru) and a new transgression in the Early Eocene (microfacies P8 in
Ladakh, Microfacies P7 in Tingri and Gamba). This two-stepped deepening event with a shallowing process at
the Paleocene-Eocene boundary can be proved in nearly all sections of the Tethyan Himalaya (Fig. 2.10). At
Ladakh the first deepening event from Middle Paleocene to the end of Paleocene is not well documented due
to the occurrence of microfacies representing depositional environment only on the inner carbonate ramp. At
Guru the second deepening event in the Early Eocene is not documented. At Tingri and Gamba, the
shallowing tendency at the Paleocene-Eocene boundary, documented by distribution patterns of larger benthic
foraminifera, is supposed to indicate a sedimentary environment of a forebulge (Zhang et al., 2012; Li et al.,
2017).
At Tingri (Enba Formation) and Zanskar (Kong Formation) the Lower Eocene is characterized by the
occurrence of Discocyclinidae and Nummulitidae, representing an outer ramp environment, shortly before the
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end of the marine sedimentary history. This pronounced and rapid deepening period is supposed to indicate the
transition from a forebulge to a foredeep environment as reported by Hu et al. (2012) and Zhang et al. (2012).
Besides strong similarities in the sedimentary history of the passive continental margin, some differences were
observed as well. In literature, the area of Gamba is described as being located closer to the orogenic belt of
the Asian continent, showing a shallower depositional environment at the Paleocene-Eocene boundary
compared to Tingri and thus underwent earlier flexural subsidence due to the onset of the India-Asia
continent-continent collision (Zhang et al., 2012). Those observations can also be expected for the area of
Guru. Our analyzes show, that stratigraphic successions of microfacies found at Tingri and Gamba can also be
observed in the Zongpu Formation of the Langzhu Section near Guru. Nevertheless, analyzes indicate that the
depositional environment of Guru is highly influenced by intercalations of sediments observed as rhodolith
fabrics (Microfacies P9), representative for shallower-water conditions. Due to the more marginal position of
Guru and the more proximal position to the Indian continent, the depositional environment is generally
shallower compared to Tingri and Gamba, which caused that minor sea level changes stand out more clearly at
Guru.
At Tingri, microfacies P4 (Miscellaneidae-Rotaliidae-Nummulitidae pack-/grainstone with green algae) is
intercalated by facies P5 (Laminated and bioturbated mud- and grainstone) both of a mid-carbonate ramp
realm, indicating an alternation of a storm-generated deposit (grainstone fabric) and a deposition under quiet
conditions (mudstone fabric), which cannot be recognized at other study sections of the Tethyan Himalaya,
indicating deeper depositional environments in some parts of the sedimentary history.
Compared to this, sediments of the Chulung Chu area of Zanskar exhibit some unique strata, carrying nodules
of gypsum and anhydrite as well as pyrite crystals within a fine-grained micritic matrix (microfacies P10:
Mudstone with anhydrite nodules), providing evidence of temporarily restricted depositional settings
comparable to a sabkha environment (Gaetani et al., 1986) close to the Paleocene-Eocene boundary. A further
sedimentary difference at Zanskar, compared to sediments from Tingri, Gamba and Guru, is the occurrence of
microfacies P11 (Planktonic foraminifera wackestone) of Lower Eocene age showing a short term deepening
event followed by a shallowing process (microfacies P6). Discrepancies in facies patterns along the passive
continental margin are interpreted as a matter of distance from a source area, a gentle northward dipping of the
shelf, or slight variations in water depth (Fuchs and Willems, 1990) due to varying positions on the carbonate
ramp.
Figure 2.10 (following page): Stratigraphic distribution and regional correlation of the eleven defined
microfacies in the four studied sections (Zanskar, Tingri, Gamba and Guru) from the passive continental
margin of the eastern Neo-Tethyan Ocean showing strong similarities of microfacies distribution patterns.
Microfacial studies indicate a two-stepped deepening event from Middle Paleocene to Early Eocene: first
deepening event from Middle Paleocene to the end of Paleocene (microfacies P4 in Tingri, Gamba and
Guru; orange arrow), a shallowing event associated with uplift at or after the Paleocene-Eocene boundary
(microfacies P6 in Ladakh, Tingri, Gamba and Guru; green arrow) and a new transgression in the Early
Eocene (microfacies P8 in Ladakh, microfacies P7 in Tingri and Gamba; brown arrow). Stratigraphic
position of the Paleocene-Eocene boundary in the Chulung Chu area (Zanskar) is roughly constrained,
based on isotope analysis (see Fig. 2.3), while the boundary in Tingri and Gamba are based on isotope
and foraminiferal analysis given by Zhang et al. (2012, 2013) and adopted for Guru according to Kahsnitz
et al. (2016). Shallow benthic zones (SBZ) taken from Zhang et al. (2013) for Tingri and Gamba, from
Kahsnitz et al. (2016) for Guru and from Mathur et al. (2009) for Zanskar. See figure 2.11 for explanations
of lithological symbols as well as colors for microfacies and arrows.
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2.7.2 Sedimentary history of the active continental margin
Sediments in Cuojiangding of the Xigaze forearc basin are frequently intercalated by sandstone banks,
characterized by mostly angular, poorly sorted, fine- to sand-sized detrital quartz. In literature, those
sandstones are identified by the occurrence of andesitic and rhyolitic detritus derived from the volcanic arc
(Gangdese arc) and therefore indicate a northern source area (Ding et al., 2005; Hu et al., 2016).
Lower Paleocene sediments of Cuojiangding show a stratigraphic succession of microfacies, ranging from a
bivalve- and gastropod-dominated facies of the tidal flat (microfacies A1), to microfacies characterized by
Nummulitidae LBF showing deposition below the fair-weather wave base (microfacies A2) and up to facies
characterized by rhodolites in a wacke- to packstone fabric indicating deposition above the fair-weather wave
base (microfacies A3). During Lower Eocene microfacies ranges from a bivalve- and gastropod-dominated
(microfacies A1) to microfacies characterized by Nummulitidae (microfacies A4), showing a deepening base
from a tidal flat of the forearc basin (microfacies A1) to deposition below the storm-wave base (Fig. 2.11).
2.7.3 Correlation of passive and active continental margin
In general, diversity of fossil assemblages is described as more diverse on the Indian Plate (BouDagher-Fadel
et al., 2015). Our microfacial analyzes of sediments from Cuojiangding indicate similarities but also distinct
differences from the sedimentary evolution of the Tethyan Himalaya.
During the Lower Paleocene, sediments of the passive continental margin of the Tethys Ocean are
characterized by occurrence of a massive sandstone layer called Stumpata Quartzarenite, underlying the
marine limestone in Zanskar and Jidula Formation in south Tibet. Even the lower Paleocene of the Xigaze
forearc basin is characterized by sandstone and conglomerate layers, called Quxia Formation.
The first occurrence of green algae (microfacies P1) on top of the sandstone layers represents the beginning
opening of the depositional environment in the Tethyan Himalaya from an lagoonal environment (microfacies
P1) to open marine conditions during Lower/Middle Paleocene (microfacies P4). Compared to this, sediments
of the active continental margin also show first marine sedimentation of tidal flat areas due to occurrence of
gastropods and bivalves (microfacies A1).
From Lower to Upper Paleocene, sediments of the Tethyan Himalaya show a first deepening of the
paleoenvironment (see Fig. 2.10, orange arrow) from a restricted lagoon of the inner carbonate (microfacies
P1) ramp to the open marine environment of the inner carbonate ramp (microfacies P3) and the mid-carbonate
ramp (microfacies 4). This first deepening event can also be recognized in sediments of the active continental
margin (microfacies A1 to A2). Nevertheless, the dominant occurrence of detrital quartz and massive
sandstone layers within the Jialazi Formation of Cuojiangding show, that sedimentation on the active
continental margin is controlled by a high terrigenous material input, while on the passive continental margin a
pelagic controlled sedimentation prevailed. The nearly similar microfacies P4 (Miscellaneidae-Rotaliidae-
Nummulitidae pack-/grainstone) of the passive and microfacies A2 (Nummulitidae wacke-/packstone) of the
active margin are represented by the high amount of LBF of the Family Nummulitidae (e.g., Ranikothalia). In
Cuojiangding microfacies A2 is marked by minor occurrences of Rotaliidae (e.g., Lockhartia, Daviesina) as
well as Miscellanea, while microfacies P4 of the Tethyan Himalaya is dominated by Rotaliidae solely.
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Figure 2.11: Stratigraphic distribution of the four defined microfacies in the studied section (Cuo-
jiangding) from the active continental margin of the eastern Neo-Tethyan Ocean. The two-stepped
deepening event recognized for sediments of the Tethyan Himalaya can also be observed in the section
of the active continental margin: first deepening event in Middle Paleocene (microfacies A2; orange
arrow), followed by a shallowing event (microfacies A3; green arrow) and a new transgression in the
Early Eocene (microfacies A4; brown arrow). Stratigraphic position of the Paleocene-Eocene boundary
is roughly constrained, based on isotope analysis (see Fig. 2.2). Shallow benthic zones (SBZ) are taken
from Hu et al. (2016). Abbreviation: Cr - Cretaceous.
Additionally, the Paleocene sediments of Cuojiangding are characterized by the occurrence of Discocyclina,
while within the Tethyan Himalaya the LBF Orbitosiphon and Setia appear. Green algae do not occur within
Cuojiangding sediments, while they are representative for the sediments of the carbonate ramp of the passive
continental margin of the eastern Neo-Tethyan Ocean. Those differences in microfacies possibly go along
with differences in terrigenous input on the passive and active margin.
On the passive as well as the active continental margin a short-termed shallowing process occurred within the
marine sediments (see Figs. 2.10 and 2.11, green arrow), interrupting the overall deepening process at or near
the Paleocene-Eocene boundary, followed by a second overall deepening event showing water depths up to
120 m (see Figs. 2.10 and 2.11, brown arrow) within the Lower Eocene.
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2.8 Conclusions
Lithostratigraphic and microfacial analyzes of sediments of the passive Indian continental margin (Tethyan
Himalaya) and the active Asian continental margin (Xigaze forearc basin) reveal information on
paleoenvironment and the geodynamic evolution of the eastern Neo-Tethyan Ocean:
1. All investigated stratigraphic sections exhibit the occurrence of a massive sandstone unit at the base,
indicating strong terrigenous material input derived from the Indian continent in the Tethyan Himalaya
(Chulung Chu, Tingri, Gamba and Guru) and from the Asian continent in the Xigaze forearc basin
(Cuojiangding).
2. In the entire Tethyan Himalaya, a general trend from an algal-dominated facies (P1) at the base, to a
facies dominated by Rotaliidae and/or Nummulitidae LBF (P3, P4), up to an Alveolina-Soritidae (and
Nummulitidae) dominated facies (P6, P7) is evident, representing a general deepening tendency during
Paleocene to Lower Eocene. This trend is observed on the active continental margin as well.
3. The overall deepening of the depositional setting of the carbonate ramp is interrupted by a short-term
shallowing event at or close to the Paleocene-Eocene boundary, showing a two-stepped deepening
lasting from Lower Paleocene to Lower Eocene. This happened at the passive as well as the active
continental margin.
4. The shallowing upward event at the Paleocene-Eocene boundary is presumed to indicate a sedimentary
environment of a forebulge, where porcellaneous foraminifera like Alveolina and miliolids are strongly
influenced due to meteoric diagenesis.
5. Saline gypsum/anhydrite nodules and crystals are only observed at Zanskar, showing a temporarily and
regionally restricted depositional setting of an inter- to supratidal environment close to the
Paleocene-Eocene transition; comparable features cannot be recognized in other areas of the Tethyan
Himalaya.
6. Sediments of Guru generally represent a shallower depositional environment compared to Tingri and
Gamba, which is interpreted as the result of a more marginal position of the Guru area within the basin
where minor changes in sea level stand out more distinctly.
7. Sediments of the active continental margin of Cuojiangding are influenced by a high terrigenous
material input from the adjacent volcanic arc area of the Asian continent to the north, while the passive
continental margin show a pelagic influenced sedimentation with only very low terrigenous input,
resulting in distinct microfacial differences.
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3. Larger benthic foraminifera Lockhartia in South Tibet
Abstract
This paper reveals the stratigraphic applicability of the larger benthic foraminifer (LBF) Lockhartia
from the Paleocene to Lower Eocene of the eastern Neo-Tethyan Ocean outcropping in South Tibet.
During the Paleocene, faunas of the western and eastern Neo-Tethys show distinct differences: The
western area is dominated by coralgal assemblages, while in the east, LBF predominate the so-called
”Lockhartia Sea”. Shallow-water limestones of Tingri, Gamba and a completely new section close to the
village of Guru in the eastern Neo-Tethyan Ocean reveal the stratigraphic ranges of seven species of
Lockhartia: L. conditi, L. haimei, L. hunti, L. praehaimei, L. retiata, L. roeae and L. tipperi. Five interval
biozones, called ”Lockhartia biozones”, are defined for the Paleocene to Lower Eocene based on the
stratigraphic distribution of these species. The biozones are used to facilitate regional correlations of the
three sections and to compare them with the well-established shallow benthic zones (SBZ) used for
biostratigraphy of shallow-water environments. The stratigraphic distribution of Lockhartia suggests an
earlier evolution of some species in the eastern Neo-Tethyan Ocean compared to the western region as a
result of different latitudinal positions of the ocean basins.
3.1 Introduction
Larger benthic foraminifera (LBF) refer to a group of foraminifera with large test sizes and complicated
internal structures. Biostratigraphic studies on Paleogene LBF such as Alveolina (Hottinger, 1960; Drobne,
1977), Assilina and Nummulites (Schaub, 1981), have been used to establish 20 shallow benthic zones (SBZ)
in the western Neo-Tethyan Ocean (Serra-Kiel et al., 1998). However, LBF of the western and eastern
Neo-Tethyan Ocean are described as similar but not identical (Hottinger, 1971). Within the Paleocene, the
western Neo-Tethys is dominated by coralgal reefs (e.g., Accordi et al., 1998; Turnsek and Drobne, 1998;
Baceta et al., 2005; Scheibner et al., 2007), while LBF predominate in the eastern Neo-Tethys Ocean (e.g.,
Wan et al., 2002, 2010; Afzal et al., 2011; Zhang et al., 2013). Based on the high diversity of the LBF genus
Lockhartia in the Paleocene Ranikot Formation from India, the eastern Neo-Tethyan Ocean was also called
”Ranikot Sea” (Davies, 1937) or ”Lockhartia Sea” (Hottinger, 1998), covering an area ranging from South
Turkey in the west to Tibet and Pakistan in the east, and to Somalia and Egypt in the south (Hottinger, 2007,
2014b). Another consequence of their high diversity is that Lockhartia occupy certain chronostratigraphic
positions in the Paleocene, comparable to Alveolina, Assilina and Nummulites in the Eocene. For example,
L. retiata Sander, 1962 and L. praehaimei Smout, 1954 are accepted as index species of SBZ3 (Hottinger,
2014a).
Paleocene and Lower Eocene shallow-water limestones cropping out in the proximity of Tingri, Gamba and
Guru in South Tibet were deposited on the southern passive continental margin of the eastern Neo-Tethyan
Ocean. Five interval biozones within the limestone sections of Tingri, Gamba and a new lithological section
near the village of Guru are proposed, based on the stratigraphic distributions of Lockhartia spp., which
increased in diversity during the Paleocene, peaking at the Paleocene-Eocene boundary, and then substantially
decreasing within the Lower Eocene. Additionally, we document a generalized stratigraphic distribution
pattern of Lockhartia for South Tibet and compare these data with the SBZ established by Zhang et al. (2013)
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for Tingri and Gamba to transfer the local interval biozones to the eastern Neo-Tethys Ocean. Furthermore, we
compare the stratigraphic distributions of some Lockhartia species through the entire Neo-Tethyan Ocean,
which supports the early evolution of LBF within the eastern Neo-Tethyan Ocean (Scheibner and Speijer,
2008).
3.2 Geological setting and methods
For taxonomic studies of Lockhartia, samples were taken from Paleocene to Lower Eocene limestones of
South Tibet (China). The sediments were deposited on a carbonate ramp at the northern passive margin of the
Indian continent (Willems, 1993) within a shallow-marine environment of the eastern Neo-Tethyan Ocean
close to the equator (Fig. 3.1a).
Figure 3.1: Position of the studied sections. A Paleogeographic position of South Tibet at the northern
margin of the Indian continent within the eastern Neo-Tethyan Ocean during the Paleocene. Paleogeo-
graphic map is redrawn from Smith et al. (1994). B Location of the three study areas Tingri (28◦41’N,
86◦42’E), Gamba (28◦17’N, 88◦32’E) and Guru (28◦06’N, 89◦12’E) in Tibet (marked in grey).
In Tingri (Zhepure Shan Formation, 28◦41’N, 86◦42’E) and Gamba (Zongpu Formation, 28◦17’N, 88◦32’E),
the limestones show a similar consecutive lithological sequence of four members from bottom to top (Zhang
et al., 2013): cyclic limestones (Member A), massive limestones (Member B), nodular limestones (Member C)
and massive limestones (Member D). The formations are overlying the Cretaceous and Lower Paleocene
Jidula Sandstone Formation and underlying the green marls of the Youxia Formation in Tingri and the
Zongpubei Formation in Gamba (Willems, 1993). Additionally, we introduce a new section from the Guru
area. Here, the Langzhu Formation (28◦06’N, 89◦12’E), named after a mountain near the section, overlies the
Jidula Formation as well. The Langzhu Formation mainly consists of massive and nodular limestones, but the
generalized lithological successions of Tingri and Gamba (Zhang et al., 2013) are not fully developed.
Altogether 1076 samples, collected between 1983 and 2013, have been examined for the stratigraphic
distribution of Lockhartia within the Zhepure Shan Formation of Tingri, the Zongpu Formation of Gamba, and
the Langzhu Formation of Guru (Fig. 3.1b). The stratigraphic section in Tingri is more complete than those in
Gamba and Guru. Samples and thin sections analyzed here are deposited in the Historical
Geology/Palaeontology research group of the Department of Geosciences (University of Bremen). From the
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Zhepure Shan Formation of Tingri, 420 m thick, 512 samples (Sections: 09ZS and 10/11TM) were studied.
From the Zongpu Formation in Gamba, 350 m thick, we studied 324 samples (Sections: ZP, ZM, F and
11TMG). From the Langzhu Formation in Guru, ∼290 m thick, we studied 240 samples (Sections: GUR-LP,
GUR-UP and GUR-LE). Taxonomic classifications are based on descriptions given by Nuttall (1926), Davies
(1926, 1927, 1930), Ovey (1947), Smout (1954), Sander (1962) and Hottinger (2014a).
3.3 Stratigraphic distribution of Lockhartia in Tibet
In the Paleocene to Lower Eocene shallow-water limestones of Tingri, Gamba and Guru, seven species of
Lockhartia are recognized: L. conditi, L. haimei, L. hunti, L. praehaimei, L. retiata, L. roeae and L. tipperi.
Within the work of Zhang et al. (2013), L. altispira and L. megapapulata also are recorded in the sediments of
South Tibet. The genus Lockhartia is described as ”always low-trochospiral” (Hottinger, 2014a, p. 61), while
the species described as L. altispira reported from South Tibet is characterized by a high-trochospiral shell, as
found in Sakesaria. Furthermore, we assume that the reported L. megapapulata by Zhang et al. (2013) is a
morphological variation of L. haimei.
Based on the stratigraphic distributions of the seven species of Lockhartia, five interval biozones have been
established for the investigated sections in South Tibet (Fig. 3.2). The interval biozones are established by the
first appearance datum (FAD) and last appearance datum (LAD) of species and are called ’Lockhartia
biozones’ during further discussions.
Overlying the Jidula Sandstones and before the onset of Lockhartia biozone 1 in the Zhepure Shan Formation
of Tingri, calcareous green algae and small miliolid foraminifera are abundant. In Gamba and Guru,
Lockhartia biozone 1 directly overlies the Jidula Sandstones. The base of Lockhartia biozone 1 is defined by
the FAD of L. praehaimei and L. retiata, while the boundary between biozones 1 and 2 is characterized by the
FAD of L. roeae. Lockhartia praehaimei and L. retiata occur further up within this biozone. The FAD of
L. haimei characterizes the boundary between biozones 2 and 3. In Lockhartia biozone 3, L. haimei dominates
the assemblage and defines the base of the biozone. In Tingri and Gamba, L. conditi occurs at the base of
biozone 3 as well, while in Guru, L. conditi shows its first occurrence higher in this zone. Lockhartia roeae
shows a continuous occurrence within this biozone. The boundary between Lockhartia biozones 3 and 4 is
defined by the FAD of L. tipperi. In Tingri and Gamba, L. hunti first appears within this biozone as well.
Lockhartia conditi, L. roeae and L. haimei continue up section. Biozone 4 contains the highest diversity of
Lockhartia species in South Tibet and is characterized by the occurrence of five species. The boundary
between Lockhartia biozones 4 and 5 is defined by the sudden disappearance of most Lockhartia species.
Only L. hunti and L. tipperi can be recognized within biozone 5, with lower abundance and smaller test sizes
compared to the stratigraphically older biozones.
Figure 3.2 (following page): Stratigraphic distribution of Lockhartia species detected in South Tibet.
Paleocene-Eocene boundaries for Tingri and Gamba based on carbon isotope measurements and SBZ
taken from Zhang et al. (2013). In some cases, SBZ are modified for Tingri (no SBZ1 and new position
for SBZ2) and adopted for the Langzhu Formation of Guru. At Guru, the Paleocene-Eocene boundary is
roughly constrained by the change from SBZ5 to SBZ7. Based on distribution patterns of seven Lockhartia
species, five interval biozones could be established in South Tibet. Abbreviation: LBF = larger benthic
foraminifera, PDB = Pee Dee Bee, SBZ = shallow benthic zone.
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3.3.1 Regional correlation of Lockhartia biozones and shallow benthic zones
Shallow benthic zones (SBZ) defined for Tingri and Gamba (Zhang et al., 2013) are adopted for the Langzhu
Formation of Guru (Fig. 3.2). Based on the stratigraphic distribution of rotaliid LBF (e.g., Lockhartia,
Daviesina, Rotorbinella), in Tingri the beginning of SBZ2 is relocated earlier (sample 09ZS90) within the
Zhepure Shan Formation, in comparison to the placement by Zhang et al. in 2013 (sample 09ZS113).
Additionally, the extension of SBZ1 in Tingri is questionable because the lower section layers of the Zhepure
Shan Formation lack LBF. Therefore it is not possible to exactly place the base of SBZ1 within the lower part
of the Zhepure Shan Formation.
In Tingri, the Paleocene-Eocene boundary is clearly assigned by the beginning of the negative carbon isotope
excursion described by Zhang et al. (2013). The change from the rotaliid LBF dominated assemblage of SBZ5
to the alveolinid LBF dominated assemblage of SBZ6 in Tingri is not coexistent with the Paleocene-Eocene
boundary but postdates it. Instead Lockhartia biozone 4 includes the Paleocene-Eocene boundary. In
comparison to Tingri, the Gamba section is not complete, as shown by the carbon isotopic curve in Zhang
et al. (2012), as well as the absence of SBZ6, which indicates a sedimentary hiatus at the Paleocene-Eocene
boundary (Zhang et al., 2013). In the Langzhu Formation of Guru, the generalized lithological succession
(Member A to Member D), representative for Tingri and Gamba (Zhang et al., 2013), is not comparably
developed. Additionally, the sedimentary sequence in Guru is stratigraphically not fully covered due to
hiatuses within the formation. Thus the Paleocene-Eocene boundary in Guru is roughly constrained by the
transition from SBZ5 to SBZ7. Accordingly, the boundary between Lockhartia biozone 4 and 5 seems to
correlate with the P-E boundary at Gamba and Guru.
A regional distribution pattern of Lockhartia in South Tibet is provided by the correlation of the herein
established biozones and the SBZ of Tingri, Gamba and Guru established by Zhang et al. in 2013 (Fig. 3.3).
While the shallow benthic zones are based on the stratigraphic occurrence of LBF assemblages, the
Lockhartia biozones established here are based upon the stratigraphic distribution (first and last occurrences)
of species within the genus Lockhartia exclusively. The Lower Paleocene of South Tibet is characterized by
the abundance of dasycladacean green algae, as well as the udoteacean green algae Halimeda and Ovulites.
No LBF occur within the lower section, while Lockhartia biozone 1, correlating with the lower part of SBZ2,
is revealed by the first occurrence of L. praehaimei and L. retiata. The dominance of calcareous green algae
within the Lower Paleocene indicates protected or even restricted shallow-water environments of an inner
carbonate ramp (Ghose, 1976; Wray, 1977).
Biozone 2 represents the upper part of SBZ2, as well as the lower part of SBZ3, marked by an increase in
L. praehaimei and L. retiata, and the first occurrence of L. roeae. This biozone is characterized by the
abundance of LBF of the family Rotaliidae (e.g., Lockhartia, Daviesina, Rotorbinella), as well as calcareous
green algae, representing an open marine depositional environment of the inner carbonate ramp with water
depths ∼40 m (Hottinger, 1997). Lockhartia biozone 3 is characterized by the FAD of L. haimei and
L. conditi, coexisting with L. roeae of the previous biozone. Biozone 3 correlates with the upper part of SBZ3,
as well as SBZ4 and the lower part of SBZ5. The correlation of Lockhartia biozone 3 with SBZ3 is still
characterized by the dominance of rotaliid LBF (e.g., Lockhartia, Daviesina, Rotorbinella) and calcareous
green algae. In correlation with SBZ4 and SBZ5, the Lockhartia biozone 3 furthermore shows abundant
rotaliid LBF, accompanied by Nummulitidae (e.g., Ranikothalia, Miscellanea), representing deposition on a
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mid-carbonate ramp with water depths between 40 and 80 m (Hottinger, 1997). Morphological similarities of
the umbilical structure, as well as the early stratigraphic occurrence, led to the assumption that L. praehaimei
is the predecessor of L. haimei.
Figure 3.3: Generalized extend of Lockhartia biozones as defined in this paper compared with shallow
benthic zones (SBZ) taken from Zhang et al. (2013) for South Tibet. For some species potential lineages
are indicated. Dominant assemblages, as well as assumed depositional environment, are also indicated.
Hottinger (2014a) considered L. roeae to be the predecessor of L. tipperi based upon similarities in
morphological features: chamber shape, high number of umbilical piles and small dyad embryos. In South
Tibet, specimens of L. roeae show four to six piles within the umbilical area, while L. tipperi always show
more than six piles. Also piles of L. tipperi are tall and thin, leaving big cavities between them and the foliar
walls, while L. roeae show very thick piles leaving just a little space for the foliar walls. The umbilical
structure of L. roeae bears more resemblance to the umbilical structure of L. conditi, leading to the assumption
that either both have a common predecessor or one species emerged from the other.
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Lockhartia biozone 4 correlates with the upper part of SBZ5 and is characterized by the first occurrence of
L. tipperi and L. hunti, and their coexistence with L. haimei, L. conditi and L. roeae. At the same time, the
assemblage of foraminifera in this biozone is dominated by rotaliid and nummulitid LBF (e.g., Lockhartia,
Ranikothalia, Miscellanea), representing a depositional environment of a mid-carbonate ramp with water
depths between 40 and 80 m (Hottinger, 1997). Because of the size, the high number and arrangement of piles
and foliar walls within the umbilical area, we postulate that L. hunti and L. tipperi had a common predecessor
or that one species emerged from the other. Hottinger considered L. roeae as the predecessor of L. tipperi, but
at the same time he noted the difficulty in distinguishing between L. hunti and L. tipperi and describes some
species of Lockhartia as ”Lockhartia cf. hunti or young specimens of L. tipperi” (Hottinger, 2014a, p. 84, pl.
5.20, figs. 1-6). This statement supports the assumption that L. hunti and L. tipperi had a common predecessor.
Lockhartia biozone 5 correlates with SBZ6, SBZ7 and even with SBZ8, showing much fewer L. tipperi and
L. hunti. The assemblage of foraminifera here is characterized by such LBF as: Alveolina and Orbitolites
(e.g., A. ellipsoidalis, A. cf. subtilis, A. agerensis) within SBZ6; Alveolina, Orbitolites and Nummulites (e.g.,
A. ellipsoidalis, A. cf. subtilis, A. mousoulensis, N. cf. subramondi) within SBZ7; and Discocyclina, Assilina
and Nummulites (e.g., A. leymeriei, A. subspinosa, N. globolus, N. cf. subramondi) in SBZ8 (Zhang et al.,
2013). These taxa are characteristic of a shallow, protected environment of an inner carbonate ramp with water
depths <40 m, as well as mid- to outer carbonate ramps with water depths between 40 to 80 m and 80 to
120 m, respectively (Hottinger, 1997).
3.4 Comparison of Lockhartia distributions in the western and eastern Neo-
Tethyan Ocean
The distributions of the LBF assemblages of the western and eastern Neo-Tethyan Ocean are described as
being similar, but not identical (Hottinger, 1971). Here, we compare the stratigraphic distributions of some
Lockhartia species from the western and central Neo-Tethyan Ocean (Hottinger, 2014b), with those from
Pakistan (Afzal et al., 2011) and South Tibet (this work), as representative for the eastern Neo-Tethyan Ocean
(Fig. 3.4).
Lockhartia roeae appears in SBZ3 and SBZ4 of the western and central Neo-Tethyan Ocean (Hottinger,
2014a). In contrast, this species shows a stratigraphic distribution ranging from SBZ2/SBZ3 to the beginning
of SBZ5 in the eastern Neo-Tethyan Ocean (Afzal et al., 2011; this work). Lockhartia praehaimei and
L. retiata are described as index species of SBZ3, ranging from SBZ3 to SBZ4 and even up to SBZ5 for
L. praehaimei (Hottinger, 2014a,b) within the western Neo-Tethys. In the eastern Neo-Tethys these species
stratigraphically range from SBZ2 to SBZ3 (Afzal et al., 2011; this work).
Within the western and central Neo-Tethys, the stratigraphic distribution of L. tipperi extends from SBZ7 to
SBZ9, while L. hunti ranges from SBZ12 to SBZ14 (Hottinger, 2014a). In the eastern Neo-Tethyan Ocean,
L. tipperi and L. hunti both range from the upper part of SBZ5 to SBZ8 (this work).
Stratigraphic ranges of species in the Tethys Ocean indicate earlier evolution of Lockhartia in the eastern
Neo-Tethys and a later development in the western part. Differences in evolution of LBF within the
Neo-Tethys are hypothesized to be due to different latitudinal positions of the western and the eastern regions
(Scheibner and Speijer, 2008). During the Paleocene, the western Neo-Tethyan Ocean was geographically
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located at lower and middle latitudes, and was dominated by coralgal reefs (e.g., Accordi et al., 1998; Turnsek
and Drobne, 1998; Baceta et al., 2005; Scheibner et al., 2007). In contrast, the eastern Neo-Tethys was located
within low latitudes, closer to the equator, where the LBF predominated in carbonate depositional
environments (Wan et al., 2002, 2010; Afzal et al., 2011; Zhang et al., 2013).
Figure 3.4: The stratigraphic distribution of Lockhartia from the entire Neo-Tethys suggests an earlier
evolution of species within the eastern Neo-Tethys. The SBZ are based on Serra-Kiel et al. (1998).
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3.5 Systematic Paleontology
Seven species of Lockhartia can be identified in the investigated sections of Tingri, Gamba and Guru in South
Tibet. Based on the monograph of Smout (1954), a ”Key to species” of Lockhartia for those species found in
South Tibet has been established (Table 3.1). Here, species are arranged in groups with regard to
morphological similarities in the appearance of piles and foliar walls filling the umbilical area. Species within
the same group are assumed to have a common predecessor.
In the following systematic description of the genus Lockhartia, the species recognized in South Tibet are
given. Terms for morphological descriptions are adopted from the ”Illustrated glossary of terms used in
foraminiferal research” (Hottinger, 2006). Biometric data found for Lockhartia species of South Tibet are
compared to those from previous studies (Table 3.3).
Order ROTALIIDA Delage and He´rouard, 1896
Suborder ROTALIINA Delage and He´rouard, 1896
Superfamily ROTALIOIDEA Ehrenberg, 1839
Family ROTALIIDAE Ehrenberg, 1839
Subfamily LOCKHARTIINAE Hottinger, 2014a
Genus Lockhartia Davies, 1932
Type Species Dictyoconoides haimei Davies, 1927
Description. Test is calcareous and perforate-bilamellar, stoutly lenticular to convex on the dorsal side and flat
to convex on the ventral side. The height of the test is generally not exceeding the diameter of the base. In
axial section the chambers are nearly evolute dorsally. The trochospiral chamber arrangement leaves a wide
umbilical area of complex structure, filled with vertically continuous and laminated piles, extending from the
chambers to the base of the foraminifera test. Additional horizontal folia walls occur within the umbilical area.
In axial section the appearance of plates and folia walls within the umbilical area is a very distinctive feature
for the different species of Lockhartia. The spire is sharply separated from the umbilical region of the test by
an umbilical plate.
Remarks. Previously, the genus Lockhartia was placed in the subfamily Rotaliinae Ehrenberg, 1839 (e.g.,
Al-Hashimi, 1974; Jauhri, 1985). Within his monograph, Hottinger (2014a) transferred the genus Lockhartia
Davies, 1932, as well as the genera Dictyoconoides Nuttall, 1926, Sakesaria Davies, 1937 and Rotalispira n.
gen., into a new subfamily named Lockhartiinae. The new subfamily can be distinguished from the previously
used subfamily by the umbilical structure (umbilical cavities: piles and folia walls), low-trochospiral shells,
and dorsal ornamentation.
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3. Larger benthic foraminifera Lockhartia in South Tibet
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3.5.1 Lockhartia conditi (Nuttall, 1926)
Figs. 3.5.1–3.55
Dictyoconoides conditi Nuttall, 1926, p. 119, pl. 6, figs. 7–8; Davies, 1927, p. 279, pl. 21, figs. 10–12, pl. 22, fig. 5;
Davies, 1930, p. 76–77, pl. 10, fig. 9.
Lockhartia conditi Nuttall, 1926. Davies, 1932, p. 408, pl. 2, fig. 7, pl. 4, fig. 7; Davies and Pinfold, 1937, p. 47–48, pl.
5, fig. 24; Smout, 1954, p. 55, pl. 5, figs. 16–19; Zhang et al., 2013, p. 1434–1435, figs. 6.10–6.11; Hottinger,
2014a, p. 76–81, pl. 5.10, figs. 7–9, pl. 5.14, figs. 1–24, pl. 5.15, figs. 1–13.
Lockhartia aff. conditi Nuttall, 1926. Hottinger, 2014a, p. 76–81, pl. 5.12, figs. 10–16.
Description. Test is conical dorsally, slightly convex at the base. Perforation is fine and chambers are
semi-lunar or ”longer in the direction of growth than their radial extension” (Hottinger, 2014a, p.81) in axial
section. Periphery is unkeeled. The apex is smooth and shows no ornamentation. Axial sections generally
show three to four piles, which are distinct and huge, the foliar walls between are difficult to see.
Lockhartia conditi shows 3–4, rarely 5 whorls. Size varies between 1.12–2.36 mm in diameter and 0.75–1.29
mm in height. Specimens that occur during the Early Eocene are slightly smaller in diameter. Proloculus
diameter ranges from 0.08–0.13 mm. The specimens of L. conditi in South Tibet are approximately the same
size as those specimens described from Thal (Davies, 1927), but they are much smaller than those described
from Sind (Nuttall, 1926) or Qatar (Smout, 1954).
Occurrence. In addition to the Tingri, Gamba and Guru locations in South Tibet, L. conditi has been recorded
from the Ranikot of Sind and Thal by Nuttall (1926) and Davies (1927). It also has been reported from the
Paleocene of Qatar by Smout (1954) and in Tingri and Gamba by Zhang et al. (2013).
Remarks. The ornamentation of L. conditi seems to vary at different localities. Nuttall (1926) described nearly
smooth specimens from Sind, which show indistinct granules at the apex. In contrast, the specimens from
Qatar (Smout, 1954) have a smooth apex. The specimens described from Tingri, Gamba and Guru show no
ornamentation as well. Smout (1954) supposed that L. conditi exhibits some dimorphism, with smaller
specimens exhibiting about four and larger ones about seven whorls, but with no significant difference in the
size of the nucleoconch. Dimorphism could not be observed in South Tibet. Lockhartia conditi can be
distinguished from L. tipperi by its small number of very large piles and from L. roeae and L. hunti by the
shape of the test and the number and arrangement of piles.
3.5.2 Lockhartia haimei (Davies, 1927)
Figs. 3.5.6–3.5.10
Rotalia newboldi d´Archiac and Haime, 1853, p. 347.
Dictyoconoides haimei Davies, 1927, p. 280–281, pl. 11, figs. 13–15.
Lockhartia haimei Davies, 1927. Davies, 1930, p. 75–76, pl. 10, figs. 6–7; Davies, 1932, p. 407, pl. 2, figs. 4–6; Davies
and Pinfold, 1937, p. 45–46, pl. 7, figs. 9–13, 15; Smout, 1954, p. 49, pl. 2, figs. 1–14; Sander, 1962, p. 19, pl. 5,
figs. 1–37; Zhang et al., 2013, p. 1434, fig. 6.8; Hottinger, 2014a, p. 61-65, pl. 5.5, figs. 1–12, pl. 5.6, figs. 1–17, pl.
5.8, figs. 1–14.
Lockhartia megapapulata Hu, 1976. Zhang et al., 2013, p. 1434, fig. 6.14.
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3. Larger benthic foraminifera Lockhartia in South Tibet
Description. Test is flat to convex on the ventral side and more convex on the dorsal side. Perforation is fine
and chambers are wedge-shaped in axial section. The periphery is keeled. Ornamentation shows coarse bars
and pustules on the dorsal side. Piles and foliar walls are distinct. Umbilical region is large and crowded with
five to six tall thin piles of uniform size. Proloculus is double (dyad) and of great but unequal size. There are
2–3 whorls. Sizes of L. haimei in South Tibet range from 1.07–2.12 mm in diameter and 0.54–1.31 mm in
height. The size of the proloculus ranges from 0.14–0.34 mm. Specimens from South Tibet are approximately
the same size as those described from Thal (Davies, 1927) and Arabia (Sander, 1962), but are much smaller
than those described from the Punjab Salt Range of Pakistan (Davies and Pinfold, 1937) or Qatar (Smout,
1954).
Occurrence. In addition to the Tingri, Gamba and Guru locations in South Tibet, L. haimei has been recorded
from the Paleocene of an area of India that is now part of Pakistan by Davies (1927). It also was recorded from
the Paleocene of Pakistan (Davies and Pinfold, 1937), Qatar (Smout, 1954) and in Tingri and Gamba by
Zhang et al. (2013).
Remarks. Sander described four different variations of L. haimei, based on differences in ornamentation on the
dorsal side (Sander, 1962): L. haimei var. nudimarginata, L. haimei var. spirachordata, L. haimei var.
suturadicata and L. haimei var. vermiculata. Based on the taxonomic determination of Lockhartia in thin
sections, no differences in the dorsal ornamentation could be recognized within L. haimei of South Tibet.
Therefore, no variation of L. haimei could be defined. Lockhartia haimei can be distinguished from other
species like L. praehaimei by its large and double protoconch as well as the distinct ornamentation.
3.5.3 Lockhartia hunti Ovey, 1947
Figs. 3.5.11–3.5.15
Lockhartia hunti Ovey, 1947, p. 573, pl. 10, figs. 1–6, pl. 11, fig. 1; Smout, 1954, p. 54, pl. 4, fig. 7; Zhang et al., 2013,
p. 1435, fig. 6.5; Hottinger, 2014a, p. 81, pl. 5.16, figs. 1–15, pl. 5.17, fig. 1–16, pl. 5.18, figs. 16–27.
Lockhartia cf. hunti Ovey, 1947. Hottinger, 2014a, p. 81, pl. 5.20, figs. 1–6.
Description. Test is conical with the base generally slightly convex and shows 3–4 whorls. Perforation is fine
and chambers are large and semi-lunar or ”longer in the direction of growth than their radial extension”
(Hottinger, 2014a, p. 81) in axial section. The periphery is unkeeled and the dorsal surface is smooth. Piles
and foliar walls are very distinct, with 5–8 thick piles of uniform size. The size of L. hunti of South Tibet
ranges from 0.94–1.73 mm in diameter and 0.56–1.12 mm in height. Early Eocene species are slightly
smaller. Lockhartia hunti of South Tibet is approximately the same size as L. hunti described from Qatar
(Smout, 1954), but are smaller than those described from Somalia (Ovey, 1947) and larger than specimens
described from India (Jauhri, 1985). Proloculus size ranges between 0.07–0.14 mm.
Occurrence. In addition to the Tingri, Gamba and Guru locations in South Tibet, L. hunti was recorded from
the Early Eocene of Somalia by Ovey (1947). It was also described from the Early Eocene of Qatar (Smout,
1954). In South Tibet, it was previously recorded from the Late Paleocene and Lower Eocene of Tingri and
Gamba by Zhang et al. (2013).
Remarks. Lockhartia hunti can be distinguished from other species of Lockhartia by the number and
arrangement of piles and the external shape. Because of the size, along with the number and arrangement of
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piles and foliar walls within the umbilical area, we postulate that L. hunti and L. tipperi have a common
predecessor or one species emerged from the other. Even in Hottinger’s monograph, the author indicates the
difficulty in distinguishing between these species and describes some species of Lockhartia as ”Lockhartia cf.
hunti or young specimens of L. tipperi” (Hottinger, 2014a, p. 84, pl. 5.20, figs. 1-6). This statement supports
the assumption of a common predecessor.
3.5.4 Lockhartia praehaimei Smout, 1954
Figs. 3.5.16–3.5.19
Lockhartia prehaimei Smout, 1954, p. 51, pl. 2, figs. 21–22, plate, 7, fig. 14; Zhang et al., 2013, p. 1434, fig. 6.5.
Lockhartia praehaimei Smout, 1954. Hottinger, 2014a, p. 61, pl. 5.3, figs. 1–16, pl. 5.4, figs. 1–17, pl. 5.10, figs. 16–18.
Description. Test is lenticular with 2–3 whorls. Perforation is fine and chambers are wedge-shaped in axial
section. Periphery is keeled. Ornamentation on dorsal surface shows numerous fine bars. Piles and foliar walls
are distinct. Umbilical region is crowded with 6–8 tall, thin piles of the same size. Size of L. praehaimei in
South Tibet varies between 1.16–2.65 mm in diameter and 0.68–1.24 mm in height. Proloculus ranges
between 0.10–0.17 mm in size. The specimens are similar in size to those described from Qatar (Smout, 1954).
Occurrence. In addition to the Tingri, Gamba and Guru locations in South Tibet, L. praehaimei has been
recorded from the Paleocene of Qatar by Smout (1954), as well as from the Paleocene of Tingri and Gamba by
Zhang et al. (2013).
Remarks. Smout (1954) noted some transitional specimens between the sedimentary strata where
L. praehaimei occur and those where L. haimei occur. In South Tibet, no transitional specimens were
observed. Lockhartia praehaimei can be distinguished from L. haimei by its smaller ornamentation and
smaller proloculus. It can be distinguished from L. conditi by the higher numbers of very thin piles of uniform
size. This species is considered to be the predecessor of L. haimei because of similarities within the umbilical
structure.
3.5.5 Lockhartia retiata Sander, 1962
Figs. 3.6.1–3.6.5
Lockhartia haimei Davies, 1927. Drooger, 1960a, p. 458, pl. 2, figs. 4a–6a; Drooger, 1960b, p. 302, pl. 3, figs. 1–10.
Lockhartia retiata Sander, 1962, p. 22, pl. 4, figs, 1–21; Zhang et al., 2013, p. 1434, fig. 6.4; Hottinger, 2014a, p. 65,
figs. 5.1A–G, figs. 5.2A–G, pl. 5.9, figs. 1–20, pl. 5.10, figs. 1–15.
Description. Rounded dorsal contour, ventral face is flat to weakly convex, showing 2 whorls within the test.
Perforation is coarse and chambers exhibit a rounded to subsperical shape in axial section. Periphery is
unkeeled. Ornamentation is described as cancellate. Piles are irregularly rounded, disabled and together with
foliar walls indistinct. Size of the test varies between 0.77–1.39 mm in diameter and 0.56–1.02 mm in height.
The proloculus is double (dyad) and large, the first chamber is almost globular and 0.12–0.34 mm in size.
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Figure 3.5: Lockhartia conditi, L. haimei, L. hunti and L. praehaimei from South Tibet. 1-5 L. conditi
(Nuttall, 1926): 1 axial section; 2 section perpendicular to the coiling axis; 3 tangential section; 4 axial
section; 5 adaxial section. 6-10 L. haimei (Davies, 1927): 6-7 axial sections; 8 equatorial section; 9 axial
section, 10 section perpendicular to the coiling axis. 11-15 L. hunti Ovey, 1947, axial sections. 16-19
L. praehaimei Smout, 1954: 16 adaxial section; 17-18 axial sections; 19 adaxial section. Abbreviations:
dy = dyad, f = foramen, fol = folia, ilsp = intraseptal interlocular space, k = keel, p = pore, pi = pile,
s = septum, up = umbilical plate.
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Figure 3.6: Lockhartia retiata, L. roeae and L. tipperi from South Tibet. 1-5 L. retiata Sander, 1962:
1-2 oblique sections; 3 oblique section, dyad embryonic chambers are redrawn for better identification; 4
adaxial section; 5 section perpendicular to the coiling axis. 6-9 L. roeae (Davies, 1930): 6 axial section;
7 section perpendicular to coiling axis; 8-9 axial sections. 10-13 L. tipperi (Davies, 1926): 10-11 axial
sections; 12-13 adaxial sections. Abbreviations: can = cancellate, f = foramen, fol = folia, p = pore, pi
= pile, pr = proloculus, s = septum, up = umbilical plate.
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Occurrence. In addition to the Tingri, Gamba and Guru locations in South Tibet, L. retiata is recorded from
the Lower Paleocene of East Saudi Arabia by Sander (1962), and also from the Paleocene of Tingri and
Gamba by Zhang et al. (2013).
Remarks. In South Tibet, the thick cancellate network and the large proloculus of L. retiata are distinctive.
The species can be distinguished from L. diversa in having a less rounded test and from L. haimei by its
cancellate ornamentation.
3.5.6 Lockhartia roeae (Davies, 1930)
Figs. 3.6.6–3.6.9
Dictyoconoides conditi Nuttall, 1926, p. 119, pl. 6, figs. 7–8; Davies, 1927, p. 279, pl. 21, figs. 10–12, pl. 22, fig. 5.
Dictyoconoides conditi Nuttall var. roeae Davies, 1930, p. 76–77, pl. 10, fig. 9.
Lockhartia conditi Nuttall var. roeae Davies, 1930. Silvestri, 1938, p. 63 & 81, pl. 7, fig. 4.
Lockhartia roeae Davies, 1930. Zhang et al., 2013, p. 1434, figs. 6.6–6.7; Hottinger, 2014a, p. 67, pl. 5.12, figs. 1–6, pl.
5.13, figs. 1–16.
Description. Test is conical dorsally and straight sided in vertical section, showing 4–5 whorls. Perforation is
fine. In axial section, chambers are semi-lunar in shape or ”longer in the direction of growth as compared to
their radial extension” (Hottinger, 2014a, p. 76). Periphery is unkeeled. Smooth dorsal surface without
ornamentation. Umbilical area is filled with 4–6 thin piles. Piles are distinct and have unequal size, the pile in
the center of the test slightly thicker. Size of the test ranges from 1.21–1.82 mm in diameter and
0.72–1.08 mm in height. Specimens that occur in Early Eocene strata are slightly smaller. Specimens of South
Tibet are slightly smaller than those described from Pakistan (Davies, 1930). Proloculus is small, sometimes
biconch, ranging in size from 0.07–0.11 mm in diameter.
Occurrence. In addition to the Tingri, Gamba and Guru locations in South Tibet, L. roeae is recorded from the
Paleocene of Pakistan by Davies (1930) and from Tingri and Gamba by Zhang et al. (2013).
Remarks. Davies (1930) distinguished forms found in the Samana Range from the species L. conditi described
by Nuttall in 1926 because of the arrangement and size of piles, as well as the shape of chambers.
Lockhartia roeae can be distinguished from other species of Lockhartia by the shape of the test and the
unequal size of the piles, with one slightly thicker pile found towards the center.
3.5.7 Lockhartia tipperi (Davies, 1926)
Figs. 3.6.10–3.6.13
Conulites tipperi Davies, 1926, p. 247–248, pl. 18, fig. 8.
Dictyoconoides tipperi Davies, 1926. Nuttall and Brighton, 1931, p. 56–57, pl. 3, figs. 14–17.
Lockhartia tipperi Davies, 1926. Davies, 1932, p. 407; Davies and Pinfold, 1937, p. 48–49, pl. 6, figs. 14–16, pl. 7, fig.
17; Ovey, 1947, p. 574, pl. 10, fig. 13; Smout, 1954, p. 55, pl. 4, figs. 11–13; Sander, 1962, p. 24, pl. 4, figs. 25–26,
33–36; Zhang et al., 2013, p. 1435, fig. 6.13; Hottinger, 2014a, p. 81–85, pl. 5.19, figs. 1–14, pl. 5.20, figs. 7–13.
Lockhartia roeae Davies, 1930. Hottinger, 2014a, p. 67–76, pl. 5.13, figs. 2–4 (partly).
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Description. Low conical test with a slightly convex base; L. tipperi is much larger than other species of
Lockhartia, showing 5–7 whorls. Perforation is fine and chambers are semi-lunar or ”longer in the direction of
growth in respect to their radial extension” (Hottinger, 2014a, p. 85). Periphery is unkeeled. Exterior is
smooth. Piles and foliar walls are very distinct. The umbilical area is characterized by large and regular
cavities because of the numerous very thin piles that fill the umbilical region. Test size ranges from
1.72–3.79 mm in diameter and 0.96–2.16 mm in height. Specimens of the Lower Eocene are slightly smaller.
Specimens of L. tipperi of South Tibet are smaller than those described from Somalia (Nuttall and Brighton,
1931) and Pakistan (Davies and Pinfold, 1937), but are slightly bigger than those described from Qatar
(Smout, 1954). Proloculus is small, ranging in size from 0.11–0.29 mm in diameter.
Occurrence. In addition to the Tingri, Gamba and Guru locations in South Tibet, L. tipperi is recorded from
the Paleocene and Lower Eocene of India (now part of Pakistan) by Davies (1926), as well as from the Lower
Eocene of Qatar (Smout, 1954) and Somalia (Nuttall and Brighton, 1931). The species L. tipperi is also
described from the Paleocene and Eocene of Saudi Arabia (Sander, 1962) and from Tingri and Gamba by
Zhang et al. (2013).
Remarks. Lockhartia tipperi shows differences in its dorsal ornamentation at different localities. Davies and
Pinfold (1937) noted that the species known from Pakistan are smoother than those of Qatar as described by
(Smout, 1954), which are ornamented with a considerable number of isolated pustules. In Tingri, Gamba and
Guru, the tests of L. tipperi exhibit a smooth surface. This species can be distinguished from L. conditi and
L. hunti by the large size of the test and number of very thin piles.
3.6 Summary and Conclusions
Based on the high diversity of Lockhartia species, we were able to establish a high-resolution biozonation
pattern valuable for South Tibet. Seven Lockhartia species within five Lockhartia interval biozones were
defined, showing that a regional stratigraphic correlation of Tingri, Gamba and a new profile of Guru is
feasible. The biozones indicate an increasing diversification of Lockhartia from Middle Paleocene to Late
Paleocene and a drastic reduction of diversity within Lower Eocene.
The comparison of stratigraphic ranges of Lockhartia suggests that some species exhibit an earlier evolution
within the eastern Neo-Tethyan Ocean, also called Lockhartia Sea, compared to the western part of the Ocean.
These differences are possibly due to latitudinal differences. During the Paleocene, the western Neo-Tethyan
Ocean was located at lower to middle latitudes of the northern hemisphere, while the eastern part of the Ocean
was located at equatorial latitudes.
Analysis of foraminifera assemblages and accompanying organisms within the limestones of South Tibet
indicate a depositional environment ranging from a restricted shallow-water lagoon to the outer carbonate
ramp with water depths ranging from very shallow to possibly as deep as 120 meters.
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Appendix
Appendix 1. List of species mentioned in the text that are not included in the section on SYSTEMATIC
PALEONTOLOGY.
• Alveolina agerensis (Gaemers, 1987)
• Alveolina ellipsoidalis Schwager, 1883
• Alveolina mousoulensis Hottinger, 1960
• Alveolina cf. subtilis Hottinger, 1960
• Assilina leymeriei (d‘Archiac & Haime, 1853)
• Assilina subspinosa Davies, 1937
• Lockhartia altispira Smout, 1954
• Lockhartia megapapulata Hu, 1976
• Nummulites globolus Leymeriei, 1846
• Nummulites cf. subramondi de la Harpe, 1883
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Abstract
This paper examines the genesis of the Paleocene to Lower Eocene shallow-water nodular limestones in
South Tibet. The negative carbon isotope excursion representative for the Paleocene-Eocene boundary
is located in one nodular limestone bed of the Zhepure Shan Formation showing an extraordinary
thickness of about 11 m, inspiring the question under which conditions these nodular limestones were
formed. Based on field appearance, the shallow-water nodular limestones of Tingri and Gamba can be
classified into five nodular limestone categories (Stylonodular Rock I, Nodular Rock I, Nodular Rock II,
stylobedded rock and stylomottled rock) and some transitional members (stylobedded rock transitional
to Stylobedded Rock II). Clay variations are assumed to be responsible for these various types of
nodular limestones within the sediments. Observations of nodular limestones in South Tibet suggest
that those sediments were mostly formed due to autochthonous rather than allochthonous processes.
Differential diagenesis resulted in an early selective cementation of limestone nodules due to
carbonate-supply, while the marls were not cemented but provide the carbonate for the nodule
cementation. Additionally, cemented and carbonate-rich nodules are resistant to chemical compaction,
while the uncemented and clay-rich marl layers affected by pressure solution processes due to an
overburden of sediments. Additionally, a model is presented, illustrating the origin of different nodular
limestones described here.
KEYWORDS: Nodular limestones, Differential diagenesis, South Tibet, Paleogene
4.1 Introduction
Paleocene and Lower Eocene carbonate rocks close to the village of Tingri (South Tibet) are deposited on the
northern passive margin of the Indian continent in a shallow-water realm (Willems, 1993). The negative
carbon isotope excursion (CIE) representative for the Paleocene-Eocene boundary is located in a nodular
limestone bed of the Zhepure Shan Formation (Zhang et al., 2013, 2017). The extraordinary thickness of about
11 m of this isotope excursion at Tingri, compared to the CIE from ODP690 (about 1 m) described by Bains
et al. (1999), requires thorough investigations in order to determine under which conditions these nodular
limestones were formed.
In literature, the formation of nodular limestone is described as a result of diagenetic (solution, cementation,
nodule-growth within the sediment), sedimentary (transport, reworking) or tectonic (shearing) processes
(Flu¨gel, 2010). They are discussed in a wide variety of potential formation conditions from different
stratigraphic periods on a global scale.
For example, marine platform carbonates of Silurian, Carboniferous and Jurassic ages within the United
Kingdom also exhibit nodular beds. Processes leading to the nodular texture are described as a combination of
hydrodynamic reworking and bioturbation, selective early cementation of carbonate-rich areas, mechanical
compaction and pressure dissolution (Bathurst, 1987).
Devonian nodular limestones from Southern France (”Griotte”) and Germany (”Cephalopodenkalk”) have
been described as products of early lithification, and include the formation of nodules around goniatite shells.
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Compaction and pressure dissolution result in the formation of stylolites and marly seams, emphasizing their
nodular features (Tucker, 1974; Tucker and Wright, 2008).
Red limestone breccias of Liassic (Early Jurassic) age are found within the Northern Calcareous Alps,
southeast of Salzburg, called Adneter Scheck. The formation of these breccias is described as being due to the
mass transport of early cemented and semiconsolidated sediments via tectonic activities. Transport of the
material on steep slopes and deposition on slightly inclined plains caused sediment brecciation (Schlager,
1966; Hudson and Jenkyns, 1969; Bernoulli and Jenkyns, 1970; Bo¨hm et al., 1995).
The Upper Cretaceous nodular limestones of Jordan were formed due to burrowing organisms. The shapes and
sizes of the nodules depend on the structure of the burrow system (Abed and Schneider, 1980).
Other possible processes that result in the creation of limestone nodules include submarine dissolution
processes of carbonate on the seafloor (Hollmann, 1962, 1964; Bjorlykke, 1973, 1974; Mu¨ller and Fabricius,
1974), bacterially induced nodule growth (Jeans, 1980), sedimentary boudinage (McCrossan, 1958),
degradation of organic material (Schindewolf, 1921, 1923, 1925), pressure solution (Wanless, 1979) and early
diagenetic concretionary/nodular precipitation and lithification (Illies, 1949; Jenkyns, 1974; Noble and
Howells, 1974; Mo¨ller and Kvingan, 1988).
Nodular limestones, like limestone-shale/chalk alternations and well-bedded limestones, are also variations of
so called limestone-marl alternations (Munnecke and Samtleben, 1996; Westphal et al., 2000; Munnecke et al.,
2001; Munnecke and Westphal, 2004), characterized by their pronounced ABAB rhythm of limestone beds
and marly interbeds (Einsele et al., 1991). Limestone-marl alternations are described as results of orbital
climatic changes (Milankovitch cycles) or variations in the sedimentary input of carbonate and clay. In this
case, diagenesis will enhance primary differences of heterogeneous sediment layers (e.g., Ricken, 1986;
Bathurst, 1987; Einsele et al., 1991; De Boer and Smith, 1994). On the other hand, an exclusively diagenetic
origin from primarily homogenous sediments is discussed (Hallam, 1986; Munnecke and Samtleben, 1996).
The interpretation based on different diagenetic processes influencing the limestone layers/nodules and the
marly layers, called differential diagenesis is discussed controversially (Reinhardt et al., 2000; Westphal et al.,
2000). While the limestone layers/nodules show early cementation before compaction, the marly layers show
strong compaction due to overburden (e.g., Ricken, 1986; Munnecke and Samtleben, 1996; Westphal et al.,
2000).
In this study and in respect to the extraordinary thickness of the carbon isotope excursion, Paleocene and
Lower Eocene limestones of the Zhepure Shan Formation in Tingri (South Tibet) were examined. Here
nodular limestones, as well as nodular beds within cyclic limestones, are observed with respect to their
depositional environment, as well as their diagenetic features and isotopic signatures.
4.2 Geologic setting
Samples of Paleocene to Lower Eocene limestones from the Shenkeza section (N28◦69’, E086◦71’) NE of
Tingri village, South Tibet in China (Fig. 4.1) were taken for this study. Here, sediments were deposited in a
shallow marine environment at the northern passive margin of the Indian continent (Willems, 1993; Zhang
et al., 2012). Today, the study area Tingri is part of the Tethyan Himalaya, which is bounded by the Gangdese
batholiths of the Lhasa Terrane to the north and by the Crystalline sequences of the High Himalaya to the
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south (Yin and Harrison, 2000; Zhang et al., 2012) and is generally subdivided into a northern and a southern
zone (Gansser, 1964; Ratschbacher et al., 1994). The northern Tethyan Himalaya is characterized by
Mesozoic to Paleogene deep-water outer shelf continental slope and rise deposits (e.g., Liu and Einsele, 1994;
Li et al., 2005; Hu et al., 2008), while the southern zone is dominated by Paleozoic to Eocene shallow-water
carbonates and terrigenous strata (e.g., Liu and Einsele, 1994; Willems, 1993; Willems et al., 1996). In the
southern Tethyan Himalaya, Paleozoic to Cretaceous marine sediments are widely exposed, while nearly
complete sections of the Paleocene and Early Eocene limestones are mainly exposed at Tingri, Gamba and
Guru. Paleocene sediments of Gamba and Guru also show the occurrence of nodular limestones but are not
fully discovered, especially at the Paleocene-Eocene boundary, compared to the Zhepure Shan Formation in
Tingri (Zhang et al., 2013; Kahsnitz et al., 2016). Therefore observations on the genesis of nodular limestones
in South Tibet are focused on sediments from Tingri.
Figure 4.1: Geological map showing the location of the studied section in the vicinity of Tingri village
in South Tibet (after Zhang et al., 2013). Abbreviations: GTC = Great Counter Thrust, IYS = Indus-
Yarlung Zangbo Suture, STDS = South Tibet detachment system, YZMT = Yarlung Zangbo Mantle
Thrust, ZGT = Zhongba-Gyangze Thrust.
4.3 Material and Methods
In Tingri, the limestone sequence, called Zhepure Shan Formation, can be subdivided into four members
(Zhang et al., 2013) from bottom to top: cyclic limestones (Member A), massive limestones (Member B),
nodular limestones (Member C) and massive limestones (Member D). The 90 m-thick Member C of the
Zhepure Shan Formation is most suitable for investigations on the genesis of nodular limestone formations
and thus is the focus of this study. Nodular beds of the 165 m-thick cyclic limestones (Member A) which are
characterized by seven shallowing upward cycles, each consisting of marls, nodular limestones and
thin-bedded limestones from bottom to top, were also considered.
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Field observations: These observations were used for the determination of different types of well-developed
nodular limestones. Lithological differences such as size, color, outer shape and fabric of limestone nodules,
the spatial distribution of marls, as well as contacts between the two lithofacies were investigated. Terms used
here to describe different sedimentary and diagenetic features based mainly on descriptions given by (Logan
and Semeniuk, 1976).
Thin section analysis: This method is used to characterize microfacial, sedimentary and diagenetic fabrics,
which yield information on processes leading to the formation of nodular limestones. The determination of
microfacies was based on fossil assemblages and carbonate classification, following Dunham (1962) and the
expanded classification according to Embry and Klovan (1971). The paleoenvironmental circumstances were
discussed based on microfacies analysis.
Altogether, 442 samples from three sections (09ZS, 10/11TM, 11ZSC/NL) of Member A and Member C of
the Zhepure Shan Formation were used for thin section analysis. Section 09ZS has got a sample density
varying between 0.5 and 1 m per sample, covering Member A to Member C of the Zhepure Shan Formation,
while section 10/11TM has got a sample density of about 0.2 m just covering the upper part of the nodular
limestones (Member C) of the Zhepure Shan Formation. In addition, hand rock samples from Member C (ten
samples, 11ZSNL) and Member A (five samples, 11ZSC) were taken especially for the observation of the
genesis of nodular limestones in South Tibet. The samples investigated in the frame of this study are deposited
at the working group Historical Geology/Paleontology of the Department of Geosciences (University of
Bremen).
Isotope measurements and carbonate content: Ten samples of the nodular limestones (Member C, samples:
11ZSNL) and five samples of the cyclic limestones (Member A, samples: 11ZSC) were used for specific
isotope measurements (δ13C and δ18O) and carbonate content. All measurements were conducted at limestone
nodules, as well as the surrounding marls, to retrieve information on the genesis of the nodule generation.
Isotopes were measured with a Finnigan MAT 251 Spectrometer at the Center for Marine Environmental
Sciences (MARUM, University of Bremen). The reproducibility of the internal laboratory standard
(Solnhofen limestone) was ±0.03 for δ13C and ±0.08 for δ18O.
Total organic carbon (TOC) and total carbon (TC) contents were measured with a LECO CS-200 Carbon
Analyzer at the working group Sedimentology/Paleoceanography of the Department of Geosciences
(University of Bremen). TC was measured directly from the pulverized bulk samples. For TOC measurements
the inorganic carbon had to be removed first by a 12.5 % hydrochloride acid (HCl). TOC and TC contents
were used to calculate the total inorganic carbon (TIC) and carbonate contents (CaCO3) of the samples using
the following empirical formulas:
TIC(%) = TC(%)− TOC(%)
CaCO3(%) = TIC(%) ∗ (100)12
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4. Paleocene and Lower Eocene nodular limestones of South Tibet
4.4 Results of field observations
Different types of nodular limestones were distinguished based on their lithological appearance in the field.
Terms and references used to characterize distinct nodular limestone features are described in Table 4.1.
Nodular limestones exhibited in Member C and as single or bundles of layers in the cyclic limestones of
Member A are characterized by the occurrence of (1) nodules embedded in a marly matrix or (2) occurrence in
massive limestone banks, surrounded by pressure solution seams, which create a nodular appearance. In
addition, nodular limestone series are occasionally intercalated by massive limestone banks (Willems, 1993;
Zhang et al., 2013).
Nodular limestones appear in five types, based on their textural features (Table 4.2). General distinguishing
features of nodules are (1) size and shape, (2) amount and structural appearance of surrounding marls and (3)
contacts between the limestones and marls. The textural appearance of the studied marls could be described
either as untextured or as stylolaminated, due to the grade of compaction. The term stylonodular defines a
pressure solution texture described by Logan and Semeniuk (1976), who characterized limestone nodules
separated by marls with laminated stylolites. (Wanless, 1979) described this type of pressure solution texture
as a non-sutured seam solution in argillaceous limestones.
4.4.1 Stylonodular Rock I
Stylonodular rock is characterized by occurrence of large, lens-shaped limestone nodules, varying from 3 to
15 cm in width and 12 to 25 cm in length. Limestone nodules occur at contact points, producing a condensed
and often iden-supported frame (Fig. 4.2a). The marly matrix surrounding the nodules is characterized by a
large amount of dissolution seams, producing a stylonodular fabric. The dissolution seams typically follow the
outer shape of the limestone nodules, indicating nodular ’floating’ in the matrix. Some nodules may be broken
apart (Fig. 4.2b) or exhibit several limestone peelings (Fig. 4.2c) with this type of nodular limestone. The
contact between limestone nodules and the matrix is distinct. This type of nodular limestone can be found in
the lower section part of the nodular limestones of Member C.
Figure 4.2 (following page): Field observations of nodular limestones in South Tibet. a-c Stylonodular
Rock I (Member C): large lens-shaped nodules (3–15 cm in width, 12–25 cm in length), producing an
iden-supported fabric, with distinct contacts to the surrounding marly matrix. Pressure solution results
in the occurrence of dissolution seams within the marls, producing a stylolaminated texture. Some of the
nodules are fractured (Fig. 4.2b) and/or layered (Fig. 4.2c). d, e Nodular Rock I (Member C): nearly
spherical limestone nodules (4-5 cm in diameter) with gradual contact to the surrounding marly matrix.
Matrix is reduced, producing a condensed to fitted fabric of the nodular formation. The surrounding marls
are untextured to slightly laminated. f-h Nodular Rock II (Member A): large, elongated and subrounded
to angular nodules producing an iden-supported fabric. Marls are untextured to slightly laminated. The
difference in color of the limestone nodules (gray) and the surrounding marl (brown) is remarkable. i
Stylomottled rock (Member A): large and irregular limestone lenses with interidenic stylolite patches.
Open caverns indicate areas where argillaceous marls have been washed out by erosion. j Stylobedded
rock (Member A): large and angular limestone banks with interidenic stylolites producing large and
angular lenses. k, l Stylobedded rock transitional to Stylonodular II (boulder within a valley): due to
stylobedding (interidenic stylolites) of a former limestone bank large and angular lenses are produced.
Further compaction and solution along the former stylolites produce elongated lenses surrounded by
stylolamination.
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Figure 4.3: Field characteristics of nodular limestones. a Stylonodular Rock I of the nodular limestones
(Member C) show gradual transitions from marl-rich to nodule-rich nodular limestones and sometimes
even to slightly bedded sequences. b Nodular Rock I of the nodular limestones (Member C) showing
alternations of marl-rich and nodule-rich sequences producing a cyclic appearance. c Nodular limestones
(Nodular Rock I, Member C) are sometimes interrupted by well-bedded massive limestone banks. Those
banks often taper out laterally, showing a gradual transition into the surrounding nodular-rich sediments.
d, e Nodular Rock II (Member A) shows a gradual transition into the overlying stylobedded and massive
limestones. Laterally, Nodular Rock II shows transitions into sediments described as stylobedded rock,
transitional to stylonodular rock. f Within the brown layers of Nodular Rock II (Member A) the occur-
rence of small limestone fragments (white arrow) as well as grayish areas where the cemented sediments
are partially dissolved (black arrows) is visible.
88
4.4.2 Nodular Rock I
In this category, the nodules are nearly spherical, with a size of 4–5 cm in diameter. The contact between the
marly matrix and limestone nodules is gradual. Occasionally, a slight stylolaminated texture is visible, where
marly layers are easily recognized. Typically the nodules produce a condensed to fitted fabric (Figs. 4.2d,
4.2e). Nodular Rock I occurs within the upper section part of Member C.
4.4.3 Nodular Rock II
This type of nodular limestone is characterized by occurrence of large-sized nodules with an elongated and
subrounded to angular shape embedded in thick consolidated ”marl” layers (Fig. 4.2f). The difference in color
of the nodules and the surrounding matrix is remarkable. While the limestone nodules appear dark gray, the
marls are of brown color and exhibit a slight lamination (Fig. 4.2g). Nodules and surrounding marls produce
an iden-supported fabric (Fig. 4.2h), characterized by sharp (s) and gradual (g) contacts. Nodular Rock II can
be found in the fifth cycle of Member A, which is directly below the facies of Stylobedded Rock.
4.4.4 Stylomottled rock
Stylomottled rocks exhibit large angular limestone lenses, which produce a condensed to densely fitted fabric.
Marls are restricted to pressure solution textures called interidenic stylolite patches in the carbonate rock,
producing a stylomottled rock (Fig. 4.2i). This nodular rock type, which sometimes exhibits a cavernous
appearance, is part of the third cycle of the cyclic limestones of Member A.
4.4.5 Stylobedded rock
Limestone nodules of this type of nodular limestone are large sized and angular. Marly interlayers are
restricted to the interidenic stylolite seams between the nodules, producing an iden-supported fabric (Fig.
4.2j). Due to the occurrence of interidenic pressure solution structures, the rock is classified as stylobedded
rock. Stylobedded rock appears in the upper part of the fifth cycle, as well as in the sixth and seventh cycle of
Member A (cyclic limestones).
4.4.6 Other features/characteristic traits in field
In the field a transitional lithology between two of the above described nodule types was determined. This
transitional nodular limestone type could be defined as stylobedded rock (transitional to Stylonodular II),
which is characterized by large and very elongated, flattened nodules (Fig. 4.2k). Progressive sediment
compaction generates additional clay seams alongside stylolites, creating a stylonodular texture. The
stylobedded rock forms a condensed fabric, but due to stylolamination the limestone idens are separated, thus
producing an iden-supported fabric (Fig. 4.2l). The nodules appear gray, while the pressure solution seams
exhibit a brown color. This type of rock is a transitional member between stylobedded and stylonodular rocks
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and can be classified as pre-nodular. Stylobedded rock (transitional to Stylonodular II) is not part of the
investigated section part of the Zhepure Shan Formation, but appeared as an isolated boulder in the valley
close to the cyclic limestones of Member A.
Another feature is the gradual transition from marl-rich to nodule-rich nodular limestones, intermittently to
slightly bedded sequences, can be recognized within Stylonodular Rock I and Nodular Rock I (Fig. 4.3a).
These transitional patterns frequently occur within the upper part of nodular limestones (Member C),
originating in an alternation between the nodule-rich and marl-rich sequences, thus producing a cyclic
sediment appearance (Fig. 4.3b). The nodular limestones of Member C are sporadically interrupted by
occurrence of massive limestone banks, which can taper out laterally, exhibiting a gradual transition with the
surrounding nodular limestones (Fig. 4.3c).
Similarly, Nodular Rock II exhibits a transition into overlying limestones, which is characterized by a massive
but stylobedded appearance (Fig. 4.3d). Laterally, the limestones may also merge into sediments similar to
those described as stylobedded rock transitional to Stylonodular Rock II (Fig. 4.3e). The very irregular and
angular shaped limestone nodules of Nodular Rock II differ distinctly from the other nodular limestones
described so far. In addition, small fragments of these nodules occur embedded in brown layers (Fig. 4.3f,
white arrow) and within a grayish matrix where the cemented sediments are partially dissolved (Fig. 4.3f,
black arrows).
4.5 Microfacial analysis and depositional environment
Based on the distribution and assemblages of marine organisms and sedimentary fabrics of the 442
investigated samples, six microfacies (MF) were established for the Zhepure Shan Formation at Tingri
(Member A to Member C), (Fig. 4.4). Microfacies are described in an abrasive way. For detailed description
of microfacies observed in Tingri and other localities of Tibet see Kahsnitz et al. (in prep.). Microfacies
analysis is then used for the reconstruction of the depositional environment. In general, the cyclic limestones
of Member A are mainly dominated by calcareous green algae, while the nodular limestones of Member C are
dominated by larger benthic foraminifera (LBF).
Shallow benthic zones (SBZ) defined for Paleocene to Lower Eocene sediments of Tingri used within the
following are taken from Zhang et al. (2013) and slightly modified by Kahsnitz et al. (2016).
Figure 4.4 (following page): Lithologic section showing the stratigraphic distribution of defined nodu-
lar limestone types as well as microfacies (MF) in the Zhepure Shan Formation of Tingri. Shallow benthic
zonation (SBZ) is taken from Zhang et al. (2013) and modified by Kahsnitz et al. (2016). Red lines in-
dicate the four members of the formation, while the red dotted line represents the P-E boundary.
NRI Nodular Rock I, NRII Nodular Rock II, SBR stylobedded rock, SMR stylomottled rock, SNRI
Stylonodular Rock I.
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4.5.1 Microfacies 1: green algae packstone with miliolids
Fossil assemblage: Green algae Halimeda and Ovulites (Figs. 4.5a, 4.5b), miliolids, fragments of gastropods
and bivalves.
Sedimentary/diagenetic features: Dolomite rhombs (Fig. 4.5c) or microspar, pressure solution seams,
dissolved aragonite of green algae and gastropods/bivalves refilled with blocky calcite.
Depositional environment: Regarded as shallow lagoonal environment with low energy (Ghose, 1977; Wray,
1977).
Occurrence and type of nodular limestone: Cycle 1 to the lower part of cycle 4 of the cyclic limestones
(Member A, lower part of SBZ2). Types of nodular limestones exhibiting MF1 are described as stylomottled
rock.
4.5.2 Microfacies 2: bioclast grainstone
Fossil assemblage: Rotaliidae LBF (Lockhartia, Daviesina, Rotorbinella), miliolids, echinoids, corallinacean
red algae (Fig. 4.5d).
Sedimentary/diagenetic features: Pressure solution structures, dolomite rhombs.
Depositional environment: In literature, this microfacies is described from the Zongpu section near Gamba by
Li et al. (2015) and interpreted as deposited in shallow environments near shoal bars.
Occurrence and type of nodular limestone: Upper part of cycle 4 of the cyclic limestones (Member A, middle
part of SBZ2). This microfacies covers the marly part of the fourth cycle and therefore is not part of a nodular
sequence.
4.5.3 Microfacies 3: Rotaliidae pack-/grainstone
Fossil assemblage: Rotaliidae LBF, like Lockhartia, Daviesina, Kathina and Plumokathina (Fig. 4.5e) and
green algae Halimeda and Ovulites. Locally, the LBF Keramosphaerinopsis and Aberisphaera occur.
Sedimentary/diagenetic features: Pressure solution seams, ichnofabrics, rotational fabrics, dolomite rhombs,
microspar, dissolution and re-precipitation of aragonite shells.
Figure 4.5 (following page): Microfacies (MF) 1–4 of the Zhepure Shan Formation of Tingri. a, b
MF1: green algae packstone with miliolids, sample 09ZS46. c Dolomite rhombs forming the matrix of
packstone fabrics, sample 09ZS51. d MF2: bioclast grainstone, sample 09ZS117. e Rotaliidae pack-
/grainstone with green algae, sample 09ZS172. f, g MF3: Miscellaneidae-Rotaliidae-Nummulitidae
pack-/grainstone, samples 09ZS262 and 09ZS292. h Burrow (ichnofabric) filled with algae debris and
small benthic foraminifera, producing a circular swirl (arrows), indicative for bioturbation processes,
sample 10TM7. Al Alveolina; Co Coralline red algae; Ec Echinoidea; Ha Halimeda; Ka Kathina; Ke
Keramosphaerinopsis; Lo Lockhartia; Mi Miscellanea; Os Orbitosiphon; Ov Ovulites; Pl Plumokathina;
Ra Ranikothalia.
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Depositional environment: Representative for shallow subtidal and open marine environments with high water
agitation (Reiss and Hottinger, 1984; Hottinger, 1997).
Occurrence and type of nodular limestone: MF3 can be found in the fifth to seventh cycle of cyclic limestones
(Member A, upper part of SBZ2) showing nodular limestone types described as Nodular Rock II and
stylobedded rock. Additionally, MF3 occurs within the lower part of the nodular limestones (Member C,
upper part of SBZ4) described as Stylonodular Rock I.
4.5.4 Microfacies 4: Miscellaneidae-Rotaliidae-Nummulitidae pack-/grainstone
Fossil assemblage: LBF Miscellaneidae (Fig. 4.5f), Rotaliidae (e.g. Lockhartia, Kathina) and Nummulitidae
(e.g., Operculina, Ranikothalia). Miliolid LBF, Orbitolites or Alveolina (Fig. 4.5g), act as accessory
organisms.
Sedimentary/diagenetic features: Sometimes selectively dolomitic matrix, bioturbation (burrows and circular
swirls filled with debris, Fig. 4.5h). Pressure solution structures (organisms, such as foraminifera, are often
dissolved, especially in close contact with stylolites; Fig. 4.6a), rotational fabrics (Fig. 4.6b) and extraclasts
(Fig. 4.6c).
Depositional environment: Representative for open marine depositions with low energy and water depths
ranging from 60 to 90 m (Hottinger, 1973; Reiss and Hottinger, 1984; Hottinger, 1997; Beavington-Penney
and Racey, 2004).
Occurrence and type of nodular limestone: Upper Paleocene of the nodular limestones (Member C, lower and
upper part of SBZ5) of the Zhepure Shan Formation, described as Stylonodular Rock I and Nodular Rock I.
4.5.5 Microfacies 5: laminated and bioturbated mudstone and grainstone
Fossil assemblage: Rotaliid (e.g., Lockhartia) and nummulitid (e.g., Operculina, Ranikothalia) LBF in
grainstone-type sediments. Miliolid LBF Orbitolites act as accessory organism. Mudstone-type sediments are
poorly fossiliferous.
Sedimentary/diagenetic features: Mud- and grainstone-type sediments arranged in a laminated manner (Fig.
4.6d) are often strongly bioturbated (Fig. 4.6e).
Figure 4.6 (following page): Microfacies (MF) 4–6 of the Zhepure Shan Formation of Tingri. a, b
Organisms, such as foraminifera, are often partly dissolved along with to stylolite formation (a, sample
09ZS288) or show rotational fabrics (b, sample 10TM47). c Wackestone fabric of LBF, with rare fossil
content and homogenous lithoclasts, sample 11TM122. d, e MF5: Laminated (d) and bioturbated (e)
mudstone and grainstone, samples 09ZS264 and 09ZS265. f MF6: Alveolina wacke-/packstone with
Soritidae, samples 11TM131. g Alveolina and miliolids often exhibiting strong recrystallization (white
arrows) or borings (gray arrow), sample 09ZS319. h Ductile deformation (arrows) of Alveolina due to
diagenesis, sample 09ZS308. Al Alveolina; Le Lenticulina; Li Lithoclast; Mi Miliolids; Or Orbitolites.
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4. Paleocene and Lower Eocene nodular limestones of South Tibet
Depositional environment: Suggesting deposition between a low-energy and high-energy environment
resulting in an alternation of episodic storm-flows and quiet periods with deposition of lime mud sediments.
Bioturbation is responsible for the characterized mixture of both sediments (Ba´denas and Aurell, 2010).
Occurrence and type of nodular limestone: Within the middle part of the nodular limestones (Member C,
middle part of SBZ5) described as Nodular Rock I.
4.5.6 Microfacies 6: Alveolina wacke-/packstone with Soritidae
Fossil assemblage: Alveolina and Orbitolites (Fig. 4.6f), small miliolids, benthic foraminifera Lenticulina.
Sedimentary/diagenetic features: Microspar and bioturbation. Sometimes the test of Alveolina and small
miliolids show strong recrystallizations (Fig. 4.6g) described as ”diffusely microsparitic preservation” by
Willems (1993, p. 75). Ductile deformation patterns of Alveolina due to diagenetic pressure solution can also
be recognized (Fig. 4.6h).
Depositional environment: The occurrence of the LBF Orbitolites is indicative for restricted shallow
environments with low energy (Hottinger, 1973; Reiss and Hottinger, 1984; Hottinger, 1997;
Beavington-Penney and Racey, 2004). Cloudy and indistinct appearance of Alveolina and small miliolids is
characteristic for freshwater diagenesis (Inden and Moore, 1983).
Occurrence and type of nodular limestone: MF6 appears within the upper part of the nodular limestones of
Lower Eocene age (Member C, SBZ6), described as Nodular Rock I.
4.5.7 Interpretation of the depositional environment
The overall sedimentary evolution of the investigated section part of the Zhepure Shan Formation exhibits a
transgressive phase within the Paleocene. It covers deposits of a restricted shallow-water lagoon of the inner
carbonate ramp to the open marine outer carbonate ramp deposits, followed by a regressive phase within the
Lower Eocene indicated by shallow-water deposits of the inner carbonate ramp.
The Lower Paleocene (lower SBZ2) cyclic limestones (Member A) at Tingri are dominated by green algae
(MF1) representing a restricted shallow subtidal environment. Here from bottom to top, stylomottled rock as
well as Nodular Rock II and stylobedded rock occur. The transition is from MF1 (green algae
pack-/grainstone with small miliolids) over MF2 (bioclast grainstone) to MF3 (Rotaliidae packstone), and
hence the change from a restricted to an open marine environment of the inner carbonate ramp does not effect
the formation of a distinct type of nodular limestone. Additionally, the base of the nodular limestones of
Member C is characterized by the occurrence of Stylonodular Rock I, exhibiting the same MF compared to the
upper part of Member A, indicating an open marine environment.
Upper Paleocene and Lower Eocene (upper part of SBZ4 to SBZ6) nodular limestones are characterized by
Stylonodular Rock I and Nodular Rock I, indicative of a depositional environment of a mid-carbonate ramp
(MF4: Miscellaneidae-Rotaliidae-Nummulitidae pack-/grainstone; MF5: laminated and bioturbated mudstone
and grainstone) to an inner carbonate ramp with shallow water, possibly interacting with a restricted open
96
marine lagoon environment and the influence of freshwater (MF6: Alveolina wacke-/packstone with
Soritidae).
Although the cyclic limestones of Member A and nodular limestones of Member C show different types of
nodular limestones, variations in microfacies and thus alterations in the depositional environment do not seem
to effect the type of nodular limestone formations of the Zhepure Shan Formation.
4.6 Isotope and carbonate measurements
Isotope values (δ13C, δ18O), total organic carbon (TOC) and carbonate contents (CaCO3) were measured from
ten specifically collected nodular limestone samples (Member C, samples 11ZSNL) and five samples from the
cyclic limestone (Member A, 11ZSC) of the Zhepure Shan Formation. Limestone nodules and the surrounding
marls were measured separately (Table 4.3) in order to retrieve more information on different lithofacies,
hence the genesis of nodular limestone formation in South Tibet.
4.6.1 Isotope measurements
Oxygen isotopes of the nodular limestones (Member C) show a narrow range from –6.40 to –4.86 for
the nodules itself, while the surrounding marly layers show more negative oxygen isotopes ranging from
–12.65 to –6.31. Cyclic limestones (Member A) show a similar oxygen isotope pattern with higher δ18O
values for the limestone nodules ranging from –8.27 to –6.63 and –10.49 to –8.00 for the marls
surrounding them. Limestone nodules of both, nodular and cyclic limestones are enriched in heavier oxygen
isotopes compared to the marls (Fig. 4.7). The only exception was the cyclic limestone sample 11ZSC5.1,
where the nodule was depleted in heavier oxygen isotopes (–11.46) compared to the marly layer (–9.35).
δ13C values of the nodular limestones (Member C) vary between –2.55 and 2.88 for the nodules and
–2.14 and 2.43 for the marly layers. Samples of cyclic limestones (Member A) exhibit a different
carbon isotope pattern, where the nodules show lighter isotope values compared to the surrounding marly
layers, ranging from 1.08 to 2.81 and 1.00 to 3.58, respectively.
In general, carbon isotope value variability is more profound in the nodular limestones than the cyclic
limestones. This is mainly due to the fact that carbon isotopes in the cyclic limestones are only positive, while
isotope values in the nodular limestones exhibit both, positive and negative values.
4.6.2 Interpretation of isotope values
Nodules of nodular and cyclic limestones are enriched in heavier oxygen isotopes compared to the marly
layers showing average isotopic composition of –6.59 and –8.70, respectively. A similar trend is
described from nodular limestones of the Vindhyan Basin (India) by Banerjee et al. (2006). Additionally, in
Tingri some samples a characterized by very negative oxygen isotope values up to –12.65, suggesting the
influence of subaerial exposure and the influence of isotopically light meteoric water, possibly leading to
depleted δ18O values (e.g., Heba et al., 2009; Swart, 2015). In thin sections feature characteristic for
freshwater diagenesis like meniscus cements or bladed crystals (Flu¨gel, 2010) could not be observed. Only
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those samples from the upper part of the nodular limestones (Member C) show the influence of freshwater by
the occurrence of strong recrystallized Alveolina and small miliolids. Sample 11ZSC5.1 determined as
nodular rock show a different oxygen isotope pattern compared to other samples. Here the limestone nodule
shows highly depleted oxygen isotope values in contrast to the surrounded consolidated ”marl” layers. This
isotopic pattern may be described by the high amount of dolomite rhombs found in thin sections of this
sample. Additionally, the brown color of the surrounding layer results from the presence of dolomite, effecting
the isotopic composition of the sediments in a different way compared to the other samples of the cyclic
limestones. Therefore isotope values of sample 11ZSC5.1 (Nodular Rock II, cyclic limestone) should be
neglected.
Limestone nodules of the cyclic limestones (Member A) are depleted in carbon isotope values compared to the
surrounding marls, but still exhibit positive values. Only, sample 11ZS5.1 exhibited a different pattern where
the nodular portion is enriched in heavier carbon isotopes. A possible interpretation for the depletion of
carbon isotope in the nodular portions could be an additional late phase of cementation, shifting carbon
isotopes to lower values. This distinctive isotopic pattern is described in chalk sediments from Southern
England and interpreted as a late phase of calcite cementation and marl seam formation due to pressure
solution (Jeans, 1980). The marl seams are interpreted as ”the original bioclastic values of the chalk sediment
unaffected by the addition of calcite cement, but modified by the selective loss of the finer calcite grains by
pressure dissolution” (Jeans et al., 2012, p. 182). The interpretation of an additional late phase cementation,
shifting the carbon isotopes to lower values is possibly inapplicable because sediments from Southern England
are described as chalks, while sediments observed here are mainly limestones. Depletion of δ13C is also
described as a result of early cementation in the sulfate reduction zone, where the isotopically light dissolved
inorganic carbon, normally accumulating ”in pore water of marine sediments as a consequence of bacterial
oxidation of organic matter” (Ku¨spert, 1982, p. 487), is bounded into the nodules.
Limestone nodules in the lower part of the nodular limestones (Member C, samples 11ZSNL1 to 11ZSNL7)
exhibit positive δ13C values and are enriched in heavier isotopes compared to the marls. In the literature, the
heavier isotope enrichment in the limestone nodules of Member C is interpreted as a concentration of
carbonate cements due to early diagenesis (Banerjee et al., 2006).
In the upper part of the nodular limestones (Member C, samples 11ZSNL8 to 11ZSNL10) the marly layers are
also enriched in heavier carbon isotopes but show negative values compared to the cyclic limestones in the
lower part of the Zhepure Shan section. In literature the Paleocene-Eocene boundary is described as being
characterized by a short and abrupt episode of global warming, called Paleocene-Eocene Thermal Maximum
(PETM), as well as a negative drop in carbon isotope composition, known as the carbon isotope excursion
reflecting input of large amounts of carbon into the atmosphere (Bains et al., 1999; Dickens, 1999; Zachos
et al., 2001; Aubry and Ouda, 2003). In Tingri the negative carbon isotope excursion (CIE) is described from
one bed of nodular limestones (Member C) of the Zhepure Shan Formation showing a pronounced thickness
and a large drop of carbon isotopes down to about –5 Zhang et al. (2013, 2017). Therefore negative carbon
isotope values in the upper part of the nodular limestones (samples 11ZSNL8 to 11ZSNL10) are interpreted as
being due to the beginning of the negative carbon isotope excursion (CIE) at the end of the Paleocene.
Additionally, organisms like Alveolina and small miliolids show a cloudy and indistinct appearance indicative
for the influence of freshwater diagenesis (Inden and Moore, 1983) shifting carbon isotopes to more negative
values.
98
F
ig
u
re
4
.7
:
Is
o
to
p
es
va
lu
es
(δ
1
8
O
a
n
d
δ1
3
C
)
a
n
d
ca
rb
on
a
te
co
n
te
n
t
(T
O
C
an
d
C
a
C
O
3
)
d
ra
w
n
a
g
a
in
st
se
ct
io
n
m
et
er
fo
r
th
e
d
iff
er
en
t
li
th
o
fa
ci
es
(l
im
es
to
n
e
n
o
d
u
le
s:
b
la
ck
sy
m
b
o
ls
;
su
rr
o
u
n
d
in
g
m
a
rl
s:
g
ra
y
sy
m
b
o
ls
)
o
f
th
e
n
o
d
u
la
r
(M
em
b
er
C
)
an
d
cy
cl
ic
li
m
es
to
n
es
(M
em
b
er
A
).
S
a
m
p
le
n
u
m
b
er
s
ar
e
m
a
rk
ed
in
th
e
d
ia
g
ra
m
sh
ow
in
g
th
e
δ1
8
O
is
o
to
p
e
va
lu
es
.
A
L
a
rg
il
la
ce
o
u
s
li
m
e;
A
M
a
rg
il
la
ce
o
u
s
m
a
rl
;
C
cl
ay
;
C
C
ca
lc
a
re
o
u
s
cl
ay
;
C
M
ca
lc
a
re
o
u
s
m
a
rl
;
L
li
m
es
to
n
e.
99
4. Paleocene and Lower Eocene nodular limestones of South Tibet
M
e
m
b
e
r
T
y
p
e
sa
m
p
le
m
e
te
r
w
ith
in
fo
rm
a
tio
n
iso
to
p
e
d
a
ta
c
a
rb
o
n
a
te
d
a
ta
δ
1
8O
valu
es
( 
)
δ
1
3C
valu
es
( 
)
T
O
C
(%
)
C
a
C
O
3
(%
)
n
o
d
u
le
m
a
rl
n
o
d
u
le
m
a
rl
n
o
d
u
le
m
a
rl
n
o
d
u
le
m
a
rl
n
o
d
u
la
r
lim
e-
sto
n
es
N
o
d
u
la
r
R
o
ck
I
1
1
Z
S
N
L
1
0
3
9
9
–
6
.2
9
–
8
.5
6
–
0
.5
3
–
0
.2
0
0
.7
0.1
9
2
.6
5
3
.0
(M
em
b
er
C
)
1
1
Z
S
N
L
9
3
9
4
–
6
.4
0
–
7
.7
4
–
2
.5
5
–
2
.1
4
0
.3
0
.1
9
3
.5
6
7
.4
1
1
Z
S
N
L
8
3
9
1
–
6
.3
9
–
6
.8
6
–
2
.5
0
–
2
.1
1
0
.2
0.1
9
6
.3
6
9
.5
1
1
Z
S
N
L
7
3
7
7
–
5
.5
0
–
7
.1
2
2
.3
3
2
.3
2
0
.6
0.3
9
1
.7
7
5
.5
1
1
Z
S
N
L
6
3
6
8
–
6
.2
7
–
8
.3
3
2
.8
8
2
.3
1
0
.5
0.2
9
5
.5
7
9
.9
S
ty
lo
n
o
d
u
la
r
R
o
ck
I
1
1
Z
S
N
L
5
3
4
9
–
4
.9
8
–
7
.1
3
2
.3
4
2
.2
5
0
.4
0.1
9
3
.9
7
4
.4
1
1
Z
S
N
L
4
3
4
0
–
5
.0
7
–
6
.5
4
2
.5
7
2
.3
2
0
.4
0.1
9
6
.3
8
6
.1
1
1
Z
S
N
L
3
3
3
7
–
6
.3
1
–
6
.3
1
2
.2
8
2
.4
3
0
.3
0.1
9
4
.7
8
0
.4
1
1
Z
S
N
L
2
3
2
9
–
4
.8
9
–
1
2
.3
1
2
.5
1
1
.6
5
0
.5
0
.1
9
2
.4
3
3
.1
1
1
Z
S
N
L
1
3
2
5
–
4
.8
6
–
1
2
.6
5
2
.1
5
2
.1
2
0
.6
0
.2
9
2
.6
2
8
.5
cy
clic
lim
esto
n
es
S
ty
lo
b
ed
d
ed
ro
ck
1
1
Z
S
C
7
2
4
5
–
6
.6
3
–
1
0
.0
2
1
.4
1
2
.2
1
0
.6
0
.2
8
9
.4
7
6
.4
(M
em
b
er
A
)
1
1
Z
S
C
6
2
3
2
–
7
.6
1
–
8
.0
0
1
.0
8
1
.2
6
0
.2
0
.8
9
3
.5
8
6
.6
1
1
Z
S
C
5
.2
2
2
3
–
8
.2
7
–
9
.1
0
1
.5
2
2
.6
7
0
.3
0.1
9
2
.6
1
8
.7
N
o
d
u
la
r
R
o
ck
II
1
1
Z
S
C
5
.1
2
1
5
–
1
1
.4
6
–
9
.3
5
1
.5
8
1
.0
0
0
.3
0
.4
8
9
.1
8
8
.1
S
ty
lo
m
o
ttled
ro
ck
1
1
Z
S
C
3
1
6
0
–
7
.9
7
–
1
0
.4
9
2
.8
1
3
.5
8
0
.4
0
.2
9
2
.7
8
7
.3
L
im
esto
n
e
n
o
d
u
les
a
n
d
su
rro
u
n
d
in
g
m
a
rly
en
v
elo
p
in
g
are
m
ea
su
red
sep
a
ra
tely
T
a
b
le
4
.3
:
Iso
to
p
e
a
n
d
ca
rb
o
n
a
te
d
a
ta
o
f
n
o
d
u
la
r
(M
em
b
er
C
,
sectio
n
1
1
Z
S
N
L
)
a
n
d
cy
clic
(M
em
b
er
A
,
sectio
n
1
1
Z
S
C
)
lim
esto
n
es
o
f
th
e
Z
h
ep
u
re
S
h
a
n
F
orm
a
tio
n
N
E
of
T
in
g
ri.
100
4.6.3 Total organic carbon and carbonate content
In Member C of the nodular limestones the total organic carbon (TOC) is lower in the lithified limestone
nodules than in the surrounding marly layers, ranging from 0.2 % to 0.7 % and 0.1 to 0.3 %, respectively
(Fig. 4.7). Compared to this, cyclic limestones (Member A) show a highly disordered pattern, where TOC is
enriched within the nodule or the marly layer, alternately. Here total organic carbon ranges from 0.2 % to
0.6 % for limestone nodules and 0.1 % to 0.8 % for marly layers.
Nodular limestone (Member C) and cyclic limestone (Member A) carbonate content measurements indicate
higher carbonate contents in the limestone nodules than the surrounding marls or sediments from stylolites.
The carbonate contents of the nodules in Member C vary between 91.7 % and 96.3 %, while the surrounding
marls exhibit carbonate contents ranging from 28.5 % to 86.1 %. Limestone nodules of the cyclic limestones
of Member A exhibit carbonate contents ranging from 89.1 % to 93.5 %, whereas in the adjacent marls and
sediments from stylolites, they vary between 76.4 % and 88.1 %. In general, the limestone nodules are
enriched in carbonate, with values consistently above 89 %, while the marls and sediments from stylolites vary
between ∼19 % and ∼88 %.
4.6.4 Interpretation of carbonate content
Differences in carbonate content between the nodules and the encircling marls can be explained by differential
diagenesis (Reinhardt et al., 2000; Westphal et al., 2000). This process is described by limestone-marl
alternations, where limestone layers experience different diagenetic processes (e.g., cementation) in contrast to
the marly layers (e.g., compaction phenomena). In the marly layers, where a combination of compaction and
dissolution happens, the released carbonate migrates to the adjacent limestone layers or nodules where it is
absorbed and re-precipitated (e.g., Bathurst, 1975; Eder, 1982; Ricken, 1986, 1987; Mo¨ller and Kvingan,
1988; Munnecke and Samtleben, 1996). Therefore, the limestone nodules, which act as ”receptor limestones”,
are diagenetically further enriched by carbonate compared to the surrounding marls, which act as ”donor
limestones” and therefore lose their carbonate content through diagenesis (Bathurst, 1975).
Based on the carbonate content sediments can be classified from clay (carbonate content 0–10 %) and
calcareous clay (carbonate content 10–25 %), via argillaceous marl (carbonate content 25–50 %) and
calcareous marl (50–75 %), to argillaceous lime (carbonate content 75–90 %) and limestone (90-100 %),
(after Fu¨chtbauer, 1988). Marls and sediments from stylolites of nodular limestones in South Tibet show
carbonate contents varying between ∼19 % and ∼88 % or, based on the terms used before, ranges from
calcareous clay to argillaceous lime. Cyclic limestones (stylomottled rock, Stylonodular Rock II and
stylobedded rock) show high carbonate content (75–88 %) in nearly every ”marl” or sediment from stylolites
and therefore are called argillaceous lime. Compared to this the carbonate contents of marly layers from
nodular limestones (Nodular Rock I and Stylonodular Rock I) mostly vary between ∼53 and ∼86 %,
classified as calcareous marl and argillaceous lime.
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4.7 Origin of nodular limestones
The investigated Zhepure Shan Formation shows five different types of nodular limestones (Nodular Rock I,
Nodular Rock II, Stylobedded Rock, stylomottled rock, Stylonodular Rock I, stylomottled rock) and several
transitional textures in between these types, recognized based on their appearance in the field.
In most cases the Paleocene to Lower Eocene nodular limestones of the Zhepure Shan Formation show
regularly formed, rounded to subrounded limestone nodules with weak bedding features indicating an early
diagenetic genesis in a shallow-marine environment (Fig. 4.8). In literature nodular limestones are described
as being deposited in intratidal to supratidal settings with evaporative conditions (Boggs, 2009; Patra and
Singh, 2015). Features characteristic for evaporative environments (e.g., authigenic evaporite like anhydrite)
could not be observed in Tingri. Other possibilities for the genesis of nodular limestones are storm activities
on platforms and ramps (Burchette and Wright, 1992; Ba´denas and Aurell, 2010) or even tectonic origin
(Bo¨hm et al., 1995). Nodular limestones formed due to storm or tectonic activities mostly show sharp
boundaries, angular limestone nodules and are not bed-parallel arranged (e.g., Banerjee et al., 2006; Flu¨gel,
2010). In Tingri, some types of nodular limestones show sharp boundaries between limestone nodules and
”marly” layers and/or sediments in stylolites (e.g, Stylonodular Rock I or stylobedded rock) or even angular
limestone lenses (e.g., Nodular Rock II). Nevertheless storm or tectonic activities are ruled out as the
limestone nodules often show a bed-parallel arrangement and the sharp and angular boundaries seem to be the
result of pressure-solution and the formation of transitional types of nodular limestones.
In general, differences in the depositional environment, based on observations of microfacial assemblages, do
not coexist with the changes in nodular limestone textures. Nevertheless, investigations showed, that cyclic
limestones (Member A) tend to produce stylomottled rock, stylobedded rock (and stylobedded rock
transitional to Stylonodular Rock II) and Nodular Rock II, where marly layers and/or sediments from stylolites
seem to be more consolidated and the number of nodules was less compared to those from Nodular Rock I and
Stylonodular Rock I of the nodular limestones (Member C). High carbonate content of more than 80 % in
most of the ”marly” layers (rather: argillaceous lime) and/or sediments from stylolites support those field
observations.
In literature, variations in the intensity of nodule formation are described by Jenkyns (1974, p. 254): ”The
degree of nodularity–i.e., the degree of differentiation between nodule and matrix–is roughly proportional to
the clay content of the whole rock. If the total clay content is high, the nodules can often be prized out with a
finger...” (see also Lucas, 1955; Fabricius, 1966). Therefore, we assume that during deposition, primary
sedimentary processes may produce slight compositional differences in organic matter, carbonate sediment
(mixture of calcite and aragonite) and terrigenous clay, forcing the genesis of different types of nodularity in
limestones. Differences like nodule-rich and marl-rich sequences within one type of nodular limestones as
defined earlier in this paper, as well as the disruption of nodular limestone formation due to intercalated
limestone banks support the assumption of a primary heterogenic sediment composition.
Marly layers are dominated by dissolution seams, sometimes producing a stylolaminated fabric and therefore
represent the preferred site of chemical compaction (Bathurst, 1987; Munnecke and Westphal, 2004; Banerjee
et al., 2006; Banerjee and Jeevankumar, 2007). Compared to this, limestone nodules exhibit only few
compaction features like stylolites, indicating that first carbonate cementation started just before the
compaction of sediments due to overburden (pre-compactional sedimentation). Bioturbation features
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Figure 4.8: General model showing the diagenetic processes leading to the formation of the different
types of nodular limestones (Stylonodular Rock I, Nodular Rock I and Nodular Rock II, stylomottled
rock, stylobedded rock and stylobedded rock transitional to Stylonodular Rock II limestones) typical for
the Zhepure Shan Formation. Numbers at arrows are described in text.
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identified in the limestone nodules due to the occurrence of ichnofabrics (burrows, circular swirls) took place
before the first phase of cementation as well (Fig. 4.8, arrow 1). The concentric arrangement of organisms,
typically larger benthic foraminifera here is described as rotational fabrics (Fig. 4.8, arrow 2). In South Tibet
this phenomenon is also described as ”convolute structures” by Willems (1993, p. 76). Deposition of
sediments on an inclined carbonate ramp, as expected for sediments at passive continental margins and the
overburden due to further sedimentation may result in the motion of the unconsolidated sediments (before
cementation), ”if the components of gravity exceed the frictional or plastic flow limits of the sediment” (von
Engelhardt, 1973, p. 93). Semiconsolidated sediments with high clay contents are preferred to begin
movement, which is due to the thixotropic behavior of clay minerals. Dissolution seams, filled with clay
minerals, therefore act as glide surfaces, reducing stress (overburden due to further sedimentation) via lateral
shearing (von Engelhardt, 1973; Wanless, 1979; Heim, 1990). Therefore, the occurrences of rotational fabrics
in South Tibet are interpreted as syndiagenetic flowage and shearing processes (Willems 1993). These
allochthonous processes are assumed to act on small scales, without destroying the entire sedimentary unit.
Variations in clay content of just a few percent (Zankl, 1969; Kennedy and Garrison, 1975) can result in a
selective cementation, where sediments with high carbonate contents prefer early cementation (Fig. 4.8, arrow
3). Delayed cementation (Fig. 4.8, arrow 4) took place in sediments with lower carbonate and higher clay
contents (Hallam, 1964; Ricken, 1986; Einsele et al., 1991; Banerjee et al., 2006).
In carbonate sedimentology, the source of carbonate cement to lithify sediments without compaction is
discussed heavily (Bathurst, 1975; Raiswell, 1988; Ricken and Eder, 1991; Westphal et al., 2000). Because
first cementation takes place before the mechanical compaction, pressure solution is not responsible for the
cement to firstly lithify the limestone nodules. Therefore, we assume aragonite dissolution as the calcite donor
within the aragonite dissolution zone (ASZ) and re-precipitation as calcite cement (microspar) within the
limestone nodules (Westphal et al., 2000) which then produces a rigid framework to withstand subsequent
mechanical compaction. Vertical gradients are described being trigger for aragonite dissolution in pore-water
geochemistry, possibly due to microbial decomposition of organic matter in shallow-burial environments,
resulting in vertical geochemical gradients (Canfield and Raiswell, 1991; Munnecke and Samtleben, 1996).
Due to overburden sediments, further carbonate is dissolved within still unconsolidated portions of the
sediment (marls) and subsequently re-precipitated within limestone layers (Fig. 4.8, arrow 5) due to
differential diagenesis (e.g., Bathurst, 1975; Eder, 1982; Ricken, 1986, 1987; Mo¨ller and Kvingan, 1988;
Munnecke and Samtleben, 1996).
In thin sections, chemical compaction can be recognized by the occurrence of stylolites (single or sets), as
well as the dissolution (Fig. 4.8, arrow 6) and ductile deformation (Fig. 4.8, arrow 7) of tests of organisms
affected by pressure solution. At times, reactate minerals (e.g., dolomite) can be found inside or close to the
solution interfaces.
Non-sutured seam solutions (similar to stylolamination as described by Logan and Semeniuk (1976)) are
being formed in sediments that contain a significant amount of clay, typically producing nodular limestones
(Wanless, 1979). Because of the occurrence of highly stylolaminated marls surrounding the nodules as well as
the fact that the nodules can easily be sampled, Stylonodular Rock I sediments in the Zhepure Shan Formation
are assumed to comprise a higher amount of clay compared to other nodular types. This is supported by lower
carbonate contents declaring most of the surrounding layers as calcareous marls, while marls and sediments
from stylolites and other types of nodular limestones are classified as argillaceous lime. The ongoing
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compaction processes, which are due to overburden, as well as shearing processes, are responsible for the
formation of fractured nodules in the group of Stylonodular Rock I (Fig. 4.8, arrow 8).
Sediments of the Nodular Rock I type are assumed to contain a significant content of clay because the
limestone nodules are embedded in very soft marly layers of minor carbonate cementation showing an
untextured to slightly laminated appearance. The carbonate contents of Stylonodular Rock I and Nodular
Rock I of nodular limestones support this by showing generally lower carbonate values for the marls
compared to the marly layers of the cyclic limestones.
In contrast to this, the sediments classified as stylomottled and stylobedded contain interidenic patches of
stylolites as well as interidenic stylolites, forming big limestone nodules creating a condensed fabric, which
makes it difficult to sample single limestone nodules from here. Therefore, the clay content is assumed to be
lower compared to Nodular Rock I and Stylonodular Rock I as described earlier. High carbonate content in the
surrounding layers and sediments from stylolites called argillaceous lime support this.
Sediments defined as Nodular Rock II show gray subrounded to angular shaped limestone nodules within
brown marl layers. The contact between the two lithofacies is described as typically sharp, although some
gradual portions may exist. The vertical transition into the stylobedded rocks type and the lateral transition
into the defined stylobedded rock transitional to Stylonodular Rock II as described above indicate that the
genetic transitions of those types of nodular limestones are merging. Here it is assumed that compaction of
massive limestone banks will result in limestones described as stylobedded rock by producing interidenic
stylolites and a condensed fabric of nodules. Compaction and shearing processes in stylobedded rock
sediments will merge with stylonodular sediments (transitional to Stylonodular Rock II; Fig. 4.8, arrow 9).
Further overburden, compaction and shearing may result in sediments characterized as Nodular Rock II (Fig.
4.8, arrow 10). The occurrence of limestone fragments (Fig. 4.8, arrow 11) and partially dissolved limestone
nodules (Fig. 4.8, arrow 12) within the brown ”marls” (argillaceous lime) of Nodular Rock II, as well as the
gradual transition into stylobedded and stylonodular sediments, support this assumption.
Nodular Rock II is part of the cyclic limestone (Member A) and represented by the sample 11ZSC5.1. This
sample exhibits a different isotopic composition in the gray limestone nodules and the surrounding brown
marl layers compared to the other samples of Member A. Different degrees of dolomitization within these
sediments are responsible for the remarkable color and isotopic differences.
Limestone nodules from the cyclic limestones are depleted in heavy carbon isotopes compared to marls.
Therefore, we assume that a late cementation process affected the isotopic composition of the nodules.
4.8 Conclusions
Microfacial and geochemical analyzes of Paleocene to Lower Eocene sediments reveal information on the
genesis of nodular limestones in Tingri (South Tibet):
1. Variable clay contents in carbonate rocks are responsible for the genesis of five different types of nodule
fabrics of the Zhepure Shan Formation (Tingri, South Tibet): Stylonodular Rock I, Nodular Rock I,
Nodular Rock II, stylomottled rock, stylobedded rock.
2. The surrounding layers and sediments from stylolites of cyclic limestones (Member A) contain higher
carbonate content compared to those from nodular limestones (Member C).
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3. Observations of nodular limestones in Zhepure Shan Formation, with regard to the carbon isotope
excursion (CIE) at the Paleocene-Eocene boundary, suggest that sediments are formed in-situ due to
autochthonous processes: pre-compactional cementation followed by mechanical and chemical
compaction.
4. Still, other processes like shearing and syndiagenetic flowage can be observed (e.g., fractured nodules,
rotational fabrics), representing allochthonous processes without destroying the entire sedimentary unit.
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5 Conclusions and future perspectives
5.1 Conclusions
Biostratigraphic, microfacial, sedimentary and isotope analyses of sections from the passive Indian (Tethyan
Himalaya, sections at Chulung Chu, Tingri, Gamba and Guru) and active Asian continental margin (Xigaze
forearc strata, section at Cuojiangding) reveal several results concerning the general biostratigraphical,
paleoenvironmental and geodynamic evolution in the eastern Neo-Tethyan Ocean. The following conclusions
were drawn from the observations of this work:
1. Sediments of the eastern Neo-Tethyan Ocean show a two-stepped deepening event from Paleocene to
Lower Eocene (Chapter 2).
Investigations of sediments from the eastern Neo-Tethyan Ocean exhibit strong similarities in the stratigraphic
succession of eleven microfacies from the passive Indian continental margin (microfacies P1 to P11; sections
from Chulung Chu, Tingri, Gamba and Guru) and four microfacies of the active Asian continental margin
(microfacies A1 to A4; section from Cuojiangding). Correlation of observed microfacies provides a detailed
overview of the paleoenvironmental development and the sedimentary history showing an overall deepening
process during Paleocene to Lower Eocene from the shallow-water restricted/lagoonal part up to an open
marine environment with water depths up to 80 m. This deepening trend is interrupted by a short-term
shallowing event at or close to the Paleocene-Eocene boundary, resulting in a two-stepped deepening event
lasting from Lower Paleocene to Lower Eocene in all observed sections.
Detailed microfacies analysis at Gamba, showing the two-stepped deepening event has been carried out by Li
et al. (2015). Our work shows, that the occurrence of this event can be recognized in sediments from the
passive Indian, as well as the active Asian continental margin and therefore can be found in the entire eastern
Neo-Tethyan Ocean.
2. Similar stratigraphic distribution pattern of the larger benthic foraminifera (LBF) Lockhartia in the
Tethyan Himalaya of South Tibet (Chapter 3).
Paleocene to Lower Eocene shallow-water limestones of Tingri, Gamba and Guru in the Tethyan Himalaya of
South Tibet show the stratigraphic ranges of seven species of the LBF genus Lockhartia (L. conditi, L. haimei,
L. hunti, L. praehaimei, L. retiata, L. roeae and L. tipperi). Based on the stratigraphic distribution of these
species five interval biozones (called ”Lockhartia” biozones) were defined with a similar pattern in all three
observed profiles, showing that a regional stratigraphic correlation of South Tibet is possible.
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Indicative is the increasing diversification of Lockhartia from Middle to Late Paleocene (up to 5 species) and a
reduction of diversity within the Lower Eocene (down to 2 species).
3. Early evolution of the genus Lockhartia in the eastern Neo-Tethyan Ocean, called Lockhartia Sea,
compared to the western Neo-Tethys (Chapter 3).
Based on the great diversity of the LBF genus Lockhartia in the Paleocene Ranikot Formation from India, the
eastern Neo-Tethyan Ocean was also called ”Ranikot Sea” (Davies, 1937) or ”Lockhartia Sea” (Hottinger,
1998). The detailed biostratigraphic studies on the distribution of Lockhartia in the different sections were
used to generate a generalized stratigraphic distribution pattern of Lockhartia in South Tibet. Comparison of
the stratigraphic distributions of some Lockhartia through the entire Neo-Tethyan Ocean exhibit an earlier
evolution in the eastern Neo-Tethyan Ocean compared to the western region as a result of different latitudinal
positions of the ocean basins. During the Paleocene, the western Neo-Tethyan Ocean was located at lower to
middle latitudes of the northern hemisphere characterized by coralgal assemblages, while the eastern part was
located at equatorial latitudes where LBF predominate as reported by Scheibner and Speijer (2008).
4. Genesis of 5 different types of nodular limestones in Tingri due to variations in clay and carbonate
content (Chapter 4).
Five types of nodular limestones (Stylonodular Rock I, Nodular Rock I, Nodular Rock II, stylobedded rock,
stylomottled rock) and some transitional textures between them (stylobedded rock transitional to Stylobedded
Rock II) could be recognized in the sediments of Tingri (South Tibet), based on their appearance in field.
Those different types of nodular limestones are described to be the result of differences in the primary
composition (organic matter, carbonate sediment and terrigenous clay) during sedimentation. Primary
differences of sediment composition then results in different diagenetic behaviors, where sediments with high
carbonate and low clay contents prefer early cementation, while low carbonate and high clay contents obtain
delayed cementation (differential diagenesis). Ongoing diagenetic processes resulted in the formation of
different types of nodular limestones.
5. Autochthonous formation of nodular limestones in Tingri (Chapter 4).
Autochtonous diagenetic processes like pre-compactional cementation, mechanical and chemical compaction
(including dissolution and reprecipitation of carbonate), resulted in the genesis of nodular limestones in South
Tibet. The occurrence of rotational fabrics and fractured limestone nodules are indicative for a syndiagenetic
flowage of the deposited sediments due to the inclination of the carbonate ramp of the passive continental
margin, the increasing pressure due to overburden sediments and the thixotrophic behavior of clay minerals.
In South Tibet those allochthonous processes just show minor occurrences without destroying the entire
sedimentary unit. Therefore it is suggested, that the sediments are formed in-situ due to autochthonous
processes.
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The knowledge obtained from biostratigraphic, microfacial, sedimentary and geochemical analyzes of
Paleocene to Lower Eocene sediments deposited in the eastern Neo-Tethyan Ocean can be improved by
further research on following aspects:
1. Further studies on selected larger benthic foraminifera of the Tethyan Himalaya
Paleocene sediments of Tingri and Gamba show a short but considerable and consecutive appearance of two
larger benthic foraminifera (LBF) described as Keramospherinopsis haydeni and Aberisphaera gambanica.
Due to their high abundances and limited biostratigraphic ranges they are taken as index fossils for SBZ3 and
SBZ4, respectively (Zhang et al., 2013). In this work we observe a complete new section close to the village
of Guru. Microfacies analysis of the Langzhu Formation of Guru show a similar but not identical stratigraphic
distribution pattern for these two LBF.
In the lower part of the Langzhu Formation Keramosphaerinopsis and Aberisphaera show the same short-term
and consecutive distribution similar to the distribution in Tingri and Gamba representing SBZ3 and SBZ4,
respectively. Unlike at Tingri and Gamba, at Guru a second short-termed and consecutive appearance but
inverse succession of both LBF can be recognized within SBZ5 (Kahsnitz and Willems, in press).
Additionally, the occurrence of Aberisphaera in the Zhepure Shan Formation in Tingri is accompanied by a
short-term occurrence of the LBF Fallotella within the upper part of SBZ4 (Zhang et al., 2013), unverifiable in
sediments of Gamba and Guru.
Further studies on the selected larger benthic foraminifera Keramosphaerinopsis, Aberisphaera and Fallotella
in the Tethyan Himalaya may help to understand the paleoenvironmental and/or paleoecological differences
along the northern passive Indian continental margin.
2. Carbon isotope excursion (CIE)
The Paleocene-Eocene boundary in sediments is characterized by the occurrence of a sharp negative trend in
the δ13C isotope-curve, called the carbon isotope excursion (CIE), described from terrestrial, as well as from
shallow-water and deep-sea sediments with different thicknesses (e.g., Koch et al., 1995; Bains et al., 1999;
Dupuis et al., 2003; Koch et al., 2003; Wing et al., 2005). In South Tibet the CIE is located in shallow-water
nodular limestones of the Zhepure Shan Formation, showing an extraordinary thickness (Zhang et al., 2013,
2017), compared to other marine depositions like sediments from the Ocean Drilling Program site 690 (Bains
et al., 1999) or from Egypt (Dupuis et al., 2003). In respect to the extraordinary thickness of the isotope
excursion, sedimentary and geochemical investigations of this work suggest that those nodular limestones in
Tingri (South Tibet) are formed in-situ due to autochthonous processes. Therefore also the extraordinary
thickness of the CIE in Tingri is supposed to be of primary origin.
Investigations of Paleocene larger benthic foraminifera show no changes to the onset of the CIE as described
from other shallow-marine sediments. In Tingri the change in foraminiferal assemblage is recognized within
the Lower Eocene, where the initial recovery of the CIE starts (Zhang et al., 2013 and this work).
Additional paleontological, sedimentological and geochemical studies of the sediments in Tingri may help to
understand the extraordinary thickness of the CIE, as well as the distribution of shallow-marine organisms and
the diagenesis of sediments with respect to the geochemical and climatic changes of the CIE-PETM interval.
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3. Clay mineral analysis
Investigations on nodular limestones showed, that variations in primary composition of the sediments resulted
in the genesis of five different types of nodule fabrics in Tingri (South Tibet). Here we assume, that especially
the amount of clay in the sediment is responsible for differences in size and shape of nodules, the amount and
structural appearance of the surrounding marls, as well as the contact between the two lithofacies. An
important aspect in respect to the genesis of nodular limestones could be the thixotropic behavior of some clay
minerals according to the water content incorporated in their crystal lattice.
Thixotropy described the variation of viscosity of certain gels or fluids, from high-viscous to a low-viscous
gel/fluid, due to mechanical stress (e.g., shearing). When the stresses were reduced the medium went back into
its original viscosity (Heim, 1990). It is suggested, that the thixotropic behavior of clay minerals possibly
facilitate the genesis of nodules due to processes like overburden and shearing. Therefore further observation
and analysis on the clay minerals via X-ray powder diffraction (XRPD) will help to get more information
about the genesis of nodular limestones in Tingri.
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6.1 Lockhartia-based literature
Since the first description of Lockhartia in 1926 by Davies, more than 30 described species and variations
were published, making taxonomic work highly difficult. In chapter 3 ”Stratigraphic distribution of the larger
benthic foraminifera Lockhartia in South Tibet (China)” (p. 57) a summary of revised and a critical review of
Lockhartia species is given to simplify taxonomic work and to reduce the number of described species down
to 17 species and 4 variations ranging from Paleocene to lower Middle Eocene. Important literature
illustrating the occurrence of Lockhartia is given here and also listed in the reference list to complete the work.
128
C
on
tin
en
t/L
oc
al
ity
A
re
a
Fo
rm
at
io
n
A
ge
Sp
ec
ie
s
R
ef
er
en
ce
s
N
ot
es
/I
llu
st
ra
tio
ns
(P
la
te
s/
Fi
gu
re
s)
America
Fl
or
id
a
L
ev
y
C
ou
nt
y
O
ld
sm
ar
L
m
E
oc
en
e
L.
gy
ro
pa
pu
lo
sa
n.
sp
.,
L.
pr
ea
lta
n.
sp
.
L
ev
in
,1
95
7
L.
gy
ro
pa
pu
lo
sa
:p
l.
3,
fig
s.
5-
8,
L.
pr
ea
lta
:p
l.
3,
fig
s.
9-
11
Pu
er
to
R
ic
o
M
ay
ag
ue
z-
Y
ao
uc
o
D
is
tr
ic
t
Pa
le
oc
en
e
to
E
oc
en
e
L.
su
su
ae
ns
is
n.
sp
.
Pe
ss
ag
no
,1
96
0
L.
su
su
ae
ns
is
:p
l.
4,
fig
s.
1-
6
Europe
Fr
an
ce
So
ut
hw
es
t
Pa
le
oc
en
e:
Se
la
nd
ia
n
(S
B
Z
2)
L.
ak
ba
ri
no
m
.n
ud
.
Ta
m
ba
re
au
et
al
.,
19
97
af
te
rH
ot
tin
ge
r&
Ta
m
ba
re
au
in
Se
rr
a-
K
ie
le
ta
l.
(1
99
8)
Tu
rk
ey
So
ut
he
as
t
G
er
m
av
Fm
C
re
ta
ce
ou
s:
M
aa
st
ri
ch
tia
n
(L
.r
am
an
ae
n.
sp
.)
Te
n
D
am
,1
95
3
L.
ra
m
an
ae
m
ay
be
lo
ng
to
th
e
ge
nu
s
R
ot
or
bi
ne
lla
B
an
dy
,
19
44
(t
hi
s
w
or
k)
:p
l.
2,
fig
s.
3-
4
Pa
le
oc
en
e
L.
da
vi
es
in
.s
p.
L.
da
vi
es
i:
pl
.2
,fi
gs
.1
-2
M
en
de
re
s-
Ta
ur
us
Pa
le
oc
en
e
L.
co
nd
iti
M
at
su
m
ar
u
et
al
.,
20
10
L.
co
nd
iti
:p
l.
6,
fig
.5
;r
ew
or
ke
d
in
to
O
lig
oc
en
e
se
di
m
en
ts
Africa
So
m
al
ila
nd
E
oc
en
e
L.
al
ve
ol
at
a
n.
sp
.,
L.
co
nd
iti
va
r.
ro
ea
e,
L.
ha
im
ei
Si
lv
es
tr
i,
19
38
L.
al
ve
ol
at
a:
pl
.X
I,
fig
.4
,
L.
co
nd
iti
va
r.
ro
ea
e
=
L.
ro
ea
e
H
ot
tin
ge
r(
20
14
a)
:p
l.
V
II
,
fig
.4
,
L.
ha
im
ei
:p
l.
II
I,
fig
.6
A
lla
ka
jid
B
ed
s
E
ar
ly
E
oc
en
e
L.
hu
nt
in
.s
p.
O
ve
y,
19
47
L.
hu
nt
i:
pl
.1
0,
fig
s.
1-
13
,p
l.
11
an
d
ad
di
tio
na
lp
ho
to
s
So
ut
h
E
oc
en
e
L.
sp
.
C
ot
to
n
an
d
Pe
ar
so
n,
20
12
L.
sp
.:
pl
.1
,fi
g.
H
;m
ay
be
L.
co
nd
iti
A
fg
ha
ni
st
an
So
ut
he
as
t
M
is
ce
lla
ne
ak
al
k,
un
te
re
r
N
um
m
ul
ite
nk
al
k
U
pp
er
Pa
le
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
K
ae
ve
r,
19
70
L.
co
nd
iti
:p
l.
8,
fig
s.
7-
11
,
L.
ha
im
ei
:p
l.
8,
fig
s.
1-
4
(m
or
e
lik
e
L.
hu
nt
ia
nd
L.
co
nd
iti
),
L.
tip
pe
ri
:p
l.
7,
fig
s.
5-
6
L
ow
er
E
oc
en
e
L.
co
nd
iti
,
L.
tip
pe
ri
In
di
a
A
ss
am
Si
ju
L
m
E
oc
en
e:
L
ut
et
ia
n
L.
hu
nt
i,
(L
.h
un
ti
va
r.
ga
ro
en
si
s
n.
sp
.,)
(L
.s
iju
en
si
s
n.
sp
.)
Sa
m
an
ta
,1
96
1
L.
hu
nt
i:
fig
s.
6-
10
,
L.
si
ju
en
si
s
=
L.
co
nd
iti
(t
hi
s
w
or
k)
:fi
gs
.1
-3
,
L.
hu
nt
iv
ar
.g
ar
oe
ns
is
=
L.
hu
nt
i(
th
is
w
or
k)
Asia
Si
m
la
an
d
N
ah
an
-D
ad
ah
u
Su
ba
th
u
su
bg
ro
up
Pa
le
oc
en
e
L.
ha
im
ei
,
L.
tip
pe
ri
D
at
ta
an
d
B
an
er
ji,
19
66
L.
ha
im
ei
:p
l.
1,
fig
s.
1.
2,
4,
L.
tip
pe
ri
:p
l.
1,
fig
s.
3,
5
Z
an
sk
ar
,L
ad
ak
h
Sp
an
bo
th
Fm
Pa
le
oc
en
e
L.
sp
.
G
ae
ta
ni
et
al
.,
19
80
L.
sp
.:
pl
.1
6,
fig
.5
L.
sp
.,
L.
ha
im
ei
G
ae
ta
ni
et
al
.,
19
83
L.
sp
.:
pl
.1
0,
fig
.3
,
L.
ha
im
ei
:p
l.
10
,fi
g.
1
Sa
la
ba
d
pr
ov
in
ce
H
as
sa
na
ba
d
se
ct
io
n
E
ar
ly
E
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
B
ab
az
ad
eh
,2
00
8
L.
ha
im
ei
:fi
g.
4H
(m
or
e
lik
e
L.
co
nd
iti
or
L.
hu
nt
i)
129
6. Appendix
C
on
tin
en
t/L
oc
al
ity
A
re
a
Fo
rm
at
io
n
A
ge
Sp
ec
ie
s
R
ef
er
en
ce
s
N
ot
es
/I
llu
st
ra
tio
ns
(P
la
te
s/
Fi
gu
re
s)
Ir
aq
SE
D
am
m
am
Fm
E
ar
ly
E
oc
en
e:
C
ui
si
an
,L
ut
et
ia
n
L.
al
ve
ol
at
a,
(L
.a
lv
eo
la
ta
va
r.
pu
st
ul
os
a)
A
l-
H
as
hi
m
i,
19
74
he
re
L.
hu
nt
ii
s
pl
ac
ed
in
sy
no
ny
m
y
w
ith
L.
al
ve
ol
at
a;
va
ri
at
io
ns
ar
e
ne
gl
ec
te
d
(t
hi
s
w
or
k)
;p
l.
2,
fig
s.
9-
13
O
m
an
Ja
fn
ay
n
L
m
Pa
le
oc
en
e:
T
ha
ne
tia
n
L.
co
nd
iti
va
r.
ro
ea
e,
L.
di
ve
rs
a
W
hi
te
,1
99
4
L.
di
ve
rs
a:
pl
.1
4;
fig
.5
,
L.
co
nd
iti
va
r.
ro
ea
e
=
L.
ro
ea
e
(H
ot
tin
ge
r,
20
14
a)
Pa
ki
st
an
Si
nd
*
E
oc
en
e
L.
co
nd
iti
n.
sp
.
N
ut
ta
ll,
19
26
L.
co
nd
iti
:fi
rs
td
es
cr
ib
ed
as
D
ic
ty
oc
on
id
es
,p
l.
6,
fig
s.
7-
8
ne
ar
K
ot
ri
,S
in
d*
E
oc
en
e:
Y
pr
es
ia
n
L.
tip
pe
ri
n.
sp
.
D
av
ie
s,
19
26
L.
tip
pe
ri
:fi
rs
td
es
cr
ib
ed
as
C
on
ul
ite
s,
pl
.1
8,
fig
s.
8
Si
nd
*
R
an
ik
ot
B
ed
s
L
ow
er
E
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
n.
sp
.,
(L
.n
ew
bo
ld
i)
D
av
ie
s,
19
27
fir
st
de
sc
ri
be
d
as
D
ic
ty
oc
on
id
es
,
L.
co
nd
iti
:p
l.
21
,fi
gs
.1
0-
12
,
L.
ha
im
ei
:p
l.
21
,fi
gs
.1
3-
15
,
L.
ne
w
bo
ld
i=
R
ot
al
ia
tr
oc
hi
di
fo
rm
is
(D
av
ie
s,
19
32
)
Sa
m
an
a
R
an
ge
Pa
le
oc
en
e
L.
co
nd
iti
,
L.
co
nd
iti
va
r.
ro
ea
e,
L.
ha
im
ei
,
(L
.n
ew
bo
ld
i)
D
av
ie
s,
19
30
L.
co
nd
iti
va
r.
ro
ea
e
=
L.
ro
ea
e
(H
ot
tin
ge
r,
20
14
a)
:p
l.
10
,fi
g.
9, L.
ha
im
ei
:p
l.
10
,fi
gs
.6
-7
,
L.
ne
w
bo
ld
i=
R
ot
al
ia
tr
oc
hi
di
fo
rm
is
(D
av
ie
s,
19
32
)
Asia
Pu
nj
ab
Sa
lt
R
an
ge
D
ak
Pa
ss
be
ds
,
K
ha
ir
ab
ad
L
m
,
Pa
ta
la
sh
al
es
Pa
le
oc
en
e:
R
an
ik
ot
L.
co
nd
iti
,
L.
ha
im
ei
,
L.
tip
pe
ri
D
av
ie
s
an
d
Pi
nf
ol
d,
19
37
L.
co
nd
iti
:p
l.
5,
fig
.2
4,
L.
ha
im
ei
:p
l.
7,
fig
s.
9-
13
,1
5,
L.
tip
pe
ri
:p
l.
6;
fig
s.
14
-1
6,
pl
.7
,fi
g.
17
,
L.
ne
w
bo
ld
i=
R
ot
al
ia
tr
oc
hi
di
fo
rm
is
(D
av
ie
s,
19
32
)
Sa
ke
sa
rL
m
E
oc
en
e:
Y
pr
es
ie
n
(L
.n
ew
bo
ld
i,)
L.
tip
pe
ri
Y
ad
ga
ra
re
a
E
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
,
L.
tip
pe
ri
B
ai
g
an
d
M
un
ir
,2
00
7
L.
co
nd
iti
:p
l.
1,
fig
s.
b-
c,
e,
L.
ha
im
ei
:p
l.
1,
fig
s.
a,
f,
L.
tip
pe
ri
:p
l.
1,
fig
.d
Sa
lt
R
an
ge
D
ha
k
Pa
ss
be
ds
,
K
ha
ir
ab
ad
L
m
Pa
le
oc
en
e:
T
ha
ne
tia
n,
E
oc
en
e:
Il
er
di
an
L.
co
nd
iti
,
L.
ha
im
ei
Sm
ou
ta
nd
H
aq
ue
,
19
56
L.
co
nd
iti
:p
l.
11
,fi
gs
.5
a-
b,
L.
af
f.
di
ve
rs
a:
pl
.1
1,
fig
s.
4a
-b
,
L.
ha
im
ei
:p
l.
11
,fi
gs
.3
a-
b
Pa
ta
la
sh
al
e
L.
af
f.
di
ve
rs
a,
L.
ha
im
ei
Pu
nj
ab
Sa
lt
R
an
ge
R
an
ik
ot
Fm
Pa
le
oc
en
e
L.
co
nd
iti
,
L.
co
nd
iti
va
r.
ro
ea
e,
L.
ha
im
ei
,
L.
tip
pe
ri
M
u¨l
le
r-
M
er
z,
19
80
L.
co
nd
iti
:p
l.
10
,fi
gs
.4
,6
L.
co
nd
iti
va
r.
ro
ea
e
=
L.
ro
ea
e
(H
ot
tin
ge
r,
20
14
a)
:p
l.
10
,
fig
s.
2,
5,
L.
ha
im
ei
:fi
g.
19
,p
l.
9,
fig
s.
5-
6,
pl
.1
0,
fig
.7
,
L.
tip
pe
ri
:p
l.
10
,fi
gs
.1
,3
N
or
th
H
an
gu
Fm
,
L
oc
kh
ar
tL
m
,
C
ho
rf
al
iF
m
Pa
le
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
,
L.
tip
pe
ri
B
ut
t,
19
91
L.
co
nd
iti
:p
l.
3,
fig
.h
,p
l.
4,
fig
s.
a-
b,
L.
ha
im
ei
:p
l.
2,
fig
.h
130
C
on
tin
en
t/L
oc
al
ity
A
re
a
Fo
rm
at
io
n
A
ge
Sp
ec
ie
s
R
ef
er
en
ce
s
N
ot
es
/I
llu
st
ra
tio
ns
(P
la
te
s/
Fi
gu
re
s)
Pa
ki
st
an
N
or
th
M
ar
ga
la
H
ill
L
m
,
C
ho
rg
al
iF
m
E
ar
ly
E
oc
en
e
L.
co
nd
iti
,
L.
tip
pe
ri
B
ut
t,
19
91
L.
co
nd
iti
:p
l.
3,
fig
.h
,p
l.
4,
fig
s.
a-
b
Sa
lt
R
an
ge
,
Pu
nj
ab
Pa
ta
la
sh
al
es
,
L
oc
kh
ar
tL
m
,
K
ha
ir
ab
ad
L
m
Pa
le
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
,
L.
tip
pe
ri
W
ei
ss
,1
99
3
L.
af
f.
co
nd
iti
:p
l.
1,
fig
.4
,
L.
co
nd
iti
:p
l.
5,
fig
.3
(r
at
he
rL
.h
ai
m
ei
),
L.
af
f.
ha
im
ei
:p
l.
3,
fig
.4
(r
at
he
rL
.h
un
ti)
,
L.
ha
im
ei
:p
l.
1,
fig
.2
,p
l.
2,
fig
.1
(r
at
he
rL
.c
on
di
ti
or
L.
hu
nt
i)
,p
l.
7,
fig
.6
,
L.
co
ni
ca
=
R
ot
or
sp
ir
el
la
co
ni
ca
(H
ot
tin
ge
r,
20
14
a)
,
L.
hu
nt
iv
ar
.p
us
tu
lo
sa
=
L.
hu
nt
i(
th
is
w
or
k)
Su
la
im
an
R
an
ge
B
re
w
er
y
L
m
Pa
le
oc
en
e
L.
ha
im
ei
K
ir
th
ar
Fm
E
oc
en
e
L.
al
tis
pi
ra
,
(L
.c
on
ic
a,
)
L.
hu
nt
i,
(L
.h
un
ti
va
r.
pu
st
ul
os
a,
)
L.
tip
pe
ri
Ja
br
ia
re
a
L
oc
kh
ar
tL
m
L
at
e
Pa
le
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
,
L.
tip
pe
ri
Sa
m
ee
ni
et
al
.,
20
09
L.
co
nd
iti
:p
l.
2,
fig
s.
B
,D
,
L.
ha
im
ei
:p
l.
2,
fig
.A
(q
ue
st
io
na
bl
e)
,
L.
tip
pe
ri
:p
l.
1,
fig
.E
,p
l.
3,
fig
.D
Asia
K
oh
at
-K
ot
al
Pa
ss
L
oc
kh
ar
tL
m
M
id
dl
e
to
L
at
e
Pa
le
oc
en
e
L.
co
nd
iti
,
(L
.c
on
ic
a,
)
L.
di
ve
rs
a,
L.
ha
im
ei
,
L.
tip
pe
ri
A
fz
al
et
al
.,
20
05
L.
co
nd
iti
:p
l.
1,
fig
.2
,
L.
di
ve
rs
a:
pl
.1
,fi
g.
7
(r
at
he
rL
.r
et
ia
ta
),
L.
ha
im
ei
:p
l.
1,
fig
.1
,
L.
tip
pe
ri
:p
l.
1,
fig
.4
,
L.
co
ni
ca
=
R
ot
or
sp
ir
el
la
co
ni
ca
(H
ot
tin
ge
r,
20
14
a)
K
oh
at
ar
ea
L
oc
kh
ar
tL
m
Pa
le
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
A
fz
al
et
al
.,
20
09
L.
co
nd
iti
:p
l.
1,
fig
s.
2,
4,
L.
ha
im
ei
:p
l.
1,
fig
s.
7,
9
U
pp
er
In
du
s
B
as
in
K
ot
al
Pa
ss
se
ct
io
n
Pa
le
oc
en
e:
T
ha
ne
tia
n
(S
B
Z
3,
SB
Z
4)
L.
co
nd
iti
,
(L
.c
on
ic
a,
)
L.
di
ve
rs
a,
L.
ha
im
ei
A
fz
al
et
al
.,
20
11
L.
co
nd
iti
:fi
g.
8D
,
L.
ha
im
ei
:fi
g.
8F
,
L.
co
ni
ca
=
R
ot
or
sp
ir
el
la
co
ni
ca
(H
ot
tin
ge
r,
20
14
a)
Sh
ak
ar
da
ra
W
el
l-
1
Q
at
ar
Pa
le
oc
en
e
L.
al
tis
pi
ra
,
L.
co
nd
iti
,
(L
.c
on
ic
a
n.
sp
.,)
L.
di
ve
rs
a
n.
sp
.,
L.
ha
im
ei
,
L.
pr
eh
ai
m
ei
n.
sp
.
Sm
ou
t,
19
54
L.
al
tis
pi
ra
:p
l.
4,
fig
s.
4-
6,
L.
co
nd
iti
:p
l.
5,
fig
s.
16
-1
9,
L.
di
ve
rs
a:
pl
.3
,fi
gs
.1
-2
0,
L.
ha
im
ei
:p
l.
2,
fig
s.
13
-1
5,
L.
pr
eh
ai
m
ei
=
L.
pr
ae
ha
im
ei
(H
ot
tin
ge
r,
20
14
a)
:p
l.
2,
fig
s.
21
-2
2,
pl
.7
,fi
g.
14
,
L.
hu
nt
i:
pl
.4
,fi
g.
7,
L.
hu
nt
iv
ar
.p
us
tu
lo
sa
=
L.
hu
nt
i(
th
is
w
or
k)
:p
l.
4,
fig
.8
-1
0,
L.
tip
pe
ri
:p
l.
4,
fig
s.
11
,
L.
co
ni
ca
=
R
ot
or
sp
ir
el
la
co
ni
ca
(H
ot
tin
ge
r,
20
14
a)
E
oc
en
e
L.
hu
nt
i,
(L
.h
un
ti
va
r.
pu
st
ul
os
a,
)
L.
tip
pe
ri
131
6. Appendix
C
on
tin
en
t/L
oc
al
ity
A
re
a
Fo
rm
at
io
n
A
ge
Sp
ec
ie
s
R
ef
er
en
ce
s
N
ot
es
/I
llu
st
ra
tio
ns
(P
la
te
s/
Fi
gu
re
s)
Pa
ki
st
an
R
ub
’a
lK
ha
li
B
as
in
U
m
m
er
R
ad
hu
m
a
E
oc
en
e
L.
al
tis
pi
ra
,
L.
co
nd
iti
,
(L
.c
on
ic
a,
)
L.
di
ve
rs
a,
L.
ha
im
ei
,
(L
.h
un
ti
va
r.
pu
st
ul
os
a,
)
L.
tip
pe
ri
H
as
so
n,
19
85
L.
di
ve
rs
a:
pl
.4
,fi
gs
.1
1a
-b
,
L.
co
ni
ca
=
R
ot
or
sp
ir
el
la
co
ni
ca
(H
ot
tin
ge
r,
20
14
a)
,
L.
hu
nt
iv
ar
.p
us
tu
lo
sa
=
L.
hu
nt
i(
th
is
w
or
k)
ea
st
er
n
U
m
er
R
ad
hu
m
a
Fm
Pa
le
oc
en
e
L.
co
nd
iti
,
L.
ha
im
ei
,
L.
ha
im
ei
va
ri
at
io
ns
n.
sp
.,
L.
lo
bu
la
ta
n.
sp
.,
L.
re
tia
ta
n.
sp
.,
L.
tip
pe
ri
Sa
nd
er
,1
96
2,
20
12
L.
co
nd
iti
:p
l.
4,
fig
s.
37
-3
9,
L.
ha
im
ei
:p
l.
5,
fig
s.
1-
8,
31
-3
4,
L.
ha
im
ei
va
ri
at
io
ns
nu
di
m
ar
gi
na
ta
/s
pi
ra
co
rd
at
a/
su
tu
ra
di
ca
ta
/
ve
rm
ic
ul
at
a:
pl
.5
,fi
gs
.1
6-
21
,3
5-
36
,p
l.
5,
fig
s.
25
-3
0,
pl
.5
,
fig
s.
22
-2
4,
27
,p
l.
5,
fig
s.
10
-1
5,
L.
lo
bu
la
ta
:p
l.
3,
fig
s.
21
-2
7,
L.
re
tia
ta
:p
l.
4,
fig
s.
1-
21
,
L.
tip
pe
ri
:p
l.
4,
fig
s.
25
-3
6
L
ow
er
E
oc
en
e
L.
tip
pe
ri
Asia
Ti
be
t
Pa
le
oc
en
e
L.
sp
.,
L.
co
nd
iti
,
L.
ha
im
ei
,
L.
hu
nt
i,
L.
m
eg
ap
ap
ul
at
a
n.
sp
.,
L.
tip
pe
ri
H
o
et
al
.,
19
76
L.
sp
.:
pl
.3
3,
fig
.1
0,
L.
co
nd
iti
:p
l.
27
,fi
g.
2,
pl
.3
4,
fig
.9
,
L.
ha
im
ei
:p
l.
22
,fi
gs
.1
-2
,p
l.
27
,fi
gs
.1
,4
,9
-1
1,
L.
hu
nt
i:
pl
.2
7,
fig
s.
5-
8,
pl
.3
4,
fig
s.
6,
10
,
L.
m
eg
ap
ap
ul
at
a:
pl
.2
6,
fig
s.
3,
6,
pl
.2
7,
fig
.3
,
L.
tip
pe
ri
:p
l.
27
,fi
g.
12
G
am
ba
Z
on
gp
u
Fm
Pa
le
oc
en
e
L.
co
nd
iti
,
(L
.c
on
ic
a,
)
L.
di
ve
rs
a,
L.
ha
im
ei
,
L.
hu
nt
i,
L.
m
eg
ap
ap
ul
at
a,
L.
tip
pe
ri
W
an
,1
99
1
L.
co
nd
iti
:p
l.
1,
fig
s.
26
-2
7,
L.
di
ve
rs
a:
pl
.1
,fi
gs
.3
0-
32
,
L.
ha
im
ei
:p
l.
2,
fig
s.
1-
2,
L.
hu
nt
i:
pl
.2
,fi
gs
.3
-4
,
L.
m
eg
ap
ap
ul
at
a:
pl
.2
,fi
gs
.5
-7
,
L.
tip
pe
ri
:p
l.
2,
fig
.8
,
L.
co
ni
ca
=
R
ot
or
sp
ir
el
la
co
ni
ca
(H
ot
tin
ge
r,
20
14
a)
Ti
ng
ri
,
G
am
ba
Z
he
pu
re
Sh
an
Fm
,
Z
on
gp
u
Fm
Pa
le
oc
en
e
to
M
id
dl
e
E
oc
en
e
L.
sp
.,
L.
ha
im
ei
W
ill
em
s,
19
93
L.
ha
im
ei
:p
l.
13
,fi
g.
3,
5
Ti
ng
ri
Z
he
pu
re
Sh
an
Fm
Pa
le
oc
en
e
L.
ha
im
ei
,
L.
hu
nt
i
W
ill
em
s
et
al
.,
19
96
L.
ha
im
ei
:p
l.
14
,fi
gs
.3
,5
,p
l.
15
,fi
g.
2
G
am
ba
Ji
du
la
,
Z
on
gp
u
Fm
Pa
le
oc
en
e
L.
al
tis
pi
ra
,
L.
co
nd
iti
,
(L
.c
us
hm
an
i,)
L.
di
ve
rs
a,
L.
ha
im
ei
W
an
et
al
.,
20
02
L.
sp
.:
fig
.7
M
,
L.
di
ve
rs
a:
fig
.7
I,
L.
ha
im
ei
:fi
gs
.7
F,
7H
,
L.
cu
sh
m
an
i=
R
ot
al
ia
cu
sh
m
an
i(
C
ol
e,
19
47
)
132
C
on
tin
en
t/L
oc
al
ity
A
re
a
Fo
rm
at
io
n
A
ge
Sp
ec
ie
s
R
ef
er
en
ce
s
N
ot
es
/I
llu
st
ra
tio
ns
(P
la
te
s/
Fi
gu
re
s)
Ti
be
t
Ti
ng
ri
Z
on
gp
u
Fm
Pa
le
oc
en
e
L.
co
nd
iti
,
(L
.c
us
hm
an
i)
W
an
et
al
.,
20
02
L.
cu
sh
m
an
i=
R
ot
al
ia
cu
sh
m
an
i(
C
ol
e,
19
47
)
G
am
ba
Ji
du
la
,
Z
on
gp
u
Fm
Pa
le
oc
en
e
L.
al
tis
pi
ra
,
L.
co
nd
iti
,
(L
.c
us
hm
an
i,)
L.
di
ve
rs
a,
L.
ha
im
ei
,
L.
m
eg
ap
ap
ul
at
a,
L.
tip
pe
ri
W
an
et
al
.,
20
10
L.
cu
sh
m
an
iR
ot
al
ia
cu
sh
m
an
i(
C
ol
e,
19
47
)
E
ar
ly
E
oc
en
e
L.
co
nd
iti
,
L.
m
eg
ap
ap
ul
at
a,
L.
tip
pe
ri
Asia
Ti
ng
ri
,
G
am
ba
Z
he
pu
re
Sh
an
Fm
,
Z
on
gp
u
Fm
Pa
le
oc
en
e
(L
.a
lti
sp
ir
a,
)
L.
co
nd
iti
,
L.
co
nd
iti
va
r.
ro
ea
e,
L.
ha
im
ei
,
(L
.m
eg
ap
ap
ul
at
a,
)
L.
pr
eh
ai
m
ei
,
L.
re
tia
ta
,
L.
tip
pe
ri
Z
ha
ng
et
al
.,
20
13
L.
sp
:fi
g.
6.
12
,
L.
al
tis
pi
ra
:fi
g.
6.
9,
L.
co
nd
iti
:fi
g.
6.
10
-6
.1
1,
L.
co
nd
iti
va
r.
ro
ea
e
=
L.
ro
ea
e
(H
ot
tin
ge
r,
20
14
a)
:fi
g.
6.
6-
6.
7,
L.
ha
im
ei
:fi
g.
6.
8,
L.
pr
eh
ai
m
ei
=
L.
pr
ae
ha
im
ei
(H
ot
tin
ge
r,
20
14
a)
:fi
g.
6.
5,
L.
re
tia
ta
:fi
g.
6.
4,
L.
tip
pe
ri
:fi
g.
6.
13
,
L.
al
tis
pi
ra
=
Sa
ke
sa
ri
a
(K
ah
sn
itz
et
al
.,
20
16
),
L.
m
eg
ap
ap
ul
at
a
=
L.
ha
im
ei
(K
ah
sn
itz
et
al
.,
20
16
)
E
oc
en
e
L.
co
nd
iti
,
L.
hu
nt
i,
L.
tip
pe
ri
Ti
ng
ri
,
G
am
ba
,
G
ur
u
Z
he
pu
re
Sh
an
Fm
,
Z
on
gp
u
Fm
,
L
an
gh
zh
u
Fm
Pa
le
oc
en
e
to
L
ow
er
E
oc
en
e:
SB
Z
2
to
lo
w
er
pa
rt
of
SB
Z
5
L.
co
nd
iti
,
L.
ha
im
ei
,
L.
hu
nt
i,
L.
pr
ae
he
im
ei
,
L.
re
tia
ta
,
L.
ro
ea
e,
L.
tip
pe
ri
K
ah
sn
itz
et
al
.,
20
16
L.
co
nd
iti
:fi
g.
5.
1-
5.
5,
L.
ha
im
ei
:fi
g.
5.
6-
5.
10
,
L.
hu
nt
i:
fig
.5
.1
1-
5.
15
,
L.
pr
ae
he
im
ei
:fi
g.
5.
16
-5
.1
9,
L.
re
tia
ta
:fi
g.
6.
1-
6.
5,
L.
ro
ea
e:
fig
.6
.6
-6
.9
,
L.
tip
pe
ri
:fi
g.
6.
10
-6
.1
3
E
oc
en
e:
up
pe
rp
ar
to
f
SB
Z
5
to
SB
Z
8
L.
hu
nt
i,
L.
tip
pe
ri
Y
em
en
So
ut
h
H
ad
ra
m
aw
tA
rc
h
W
ad
iM
as
hi
b
su
cc
es
si
on
Pa
le
oc
en
e
L.
cf
.a
lti
sp
ir
a,
L.
di
ve
rs
a,
L.
cf
.h
ai
m
ei
,
L.
cf
.p
re
ha
im
ei
Pi
gn
at
ti
et
al
.,
19
98
L.
pr
eh
ai
m
ei
=
L.
pr
ae
ha
im
ei
(H
ot
tin
ge
r,
20
14
a)
133
6. Appendix
C
on
tin
en
t/L
oc
al
ity
A
re
a
Fo
rm
at
io
n
A
ge
Sp
ec
ie
s
R
ef
er
en
ce
s
N
ot
es
/I
llu
st
ra
tio
ns
(P
la
te
s/
Fi
gu
re
s)
Asia
Y
em
en
So
ut
h
H
ad
ra
m
aw
tA
rc
h
W
ad
iM
as
hi
b
su
cc
es
si
on
E
oc
en
e
(L
.h
un
ti
va
r.
pu
st
ul
os
a,
)
L.
tip
pe
ri
Pi
gn
at
ti
et
al
.,
19
98
L.
hu
nt
iv
ar
.p
us
tu
lo
sa
=
L.
hu
nt
i(
th
is
w
or
k)
:p
l.
4,
fig
.3
,
L.
tip
pe
ri
(d
es
cr
ib
ed
as
D
ic
ty
oc
on
id
es
):
pl
.4
,fi
g.
1
A
ta
q
U
m
m
er
R
ad
hu
m
a
E
ar
ly
E
oc
en
e
L.
cf
.c
on
di
ti,
L.
di
ve
rs
a
Is
m
ai
la
nd
B
ou
kh
ar
y,
20
08
L.
co
nd
iti
:p
l.
2,
fig
s.
4-
5,
L.
di
ve
rs
a:
pl
.2
,fi
g.
6
Western&CentralNeotethysOcean
Pa
le
og
en
e
L.
co
nd
iti
,
L.
di
ve
rs
a,
L.
ha
im
ei
,
L.
hu
nt
i,
L.
pr
ae
ha
im
ei
,
L.
re
tia
ta
,
L.
ro
ea
e,
L.
tip
pe
ri
H
ot
tin
ge
r,
20
14
a
L.
co
nd
iti
:p
l.
5.
12
,fi
gs
.7
-1
6,
pl
.5
.1
4,
fig
s.
1-
24
,
L.
di
ve
rs
a:
pl
.5
.1
1,
fig
s.
1-
19
,
L.
ha
im
ei
an
d
va
ri
at
io
ns
:p
l.5
.5
,fi
gs
.1
-1
2,
pl
.5
.6
,fi
gs
.1
-1
7,
pl
.5
.7
,fi
gs
.1
-1
2,
pl
.5
.8
,fi
gs
.1
-1
3,
L.
hu
nt
i:
pl
.5
.1
7,
fig
s.
1-
16
,p
l.
5.
18
,fi
gs
.1
6-
27
,
L.
pr
ae
ha
im
ei
:p
l.
5.
3,
fig
s.
1-
17
,p
l.
5.
4,
fig
s.
1-
17
,p
l.
5.
10
,
fig
s.
16
-1
8,
L.
re
tia
ta
:fi
gs
.5
.1
-5
.2
,p
l.
5.
9,
fig
s.
1-
20
,p
l.
5.
10
,fi
gs
.1
-1
5,
L.
ro
ea
e:
pl
.5
.1
2,
fig
s.
1-
6,
pl
.5
.1
3,
fig
.1
-1
6,
L.
tip
pe
ri
:p
l.
5.
19
,fi
gs
.1
-1
1,
pl
.5
.2
0,
fig
s.
7-
13
,
L.
cf
.h
un
ti
or
yo
un
g
sp
ec
im
en
of
tip
pe
ri
:p
l.
5.
20
,fi
gs
.1
-6
T
a
b
le
6
.1
:
Im
p
or
ta
n
t
li
te
ra
tu
re
il
lu
st
ra
ti
n
g
th
e
o
cc
u
rr
en
ce
of
L
oc
kh
a
rt
ia
u
se
d
fo
r
ta
x
o
n
o
m
ic
w
or
k
(s
ee
ch
a
p
te
r
3
”
S
tr
a
ti
g
ra
p
h
ic
d
is
tr
ib
u
ti
o
n
of
th
e
la
rg
er
b
en
th
ic
fo
ra
m
in
if
er
a
L
oc
kh
a
rt
ia
in
S
o
u
th
T
ib
et
(C
h
in
a
)”
).
L
oc
kh
a
rt
ia
o
f
th
e
L
o
ca
li
ty
S
in
d
*
fo
rm
er
ly
b
el
o
n
g
ed
to
In
d
ia
(a
s
re
p
or
te
d
b
y
D
av
ie
s,
1
9
2
6
;
N
u
tt
a
ll
,
1
9
2
6
;
D
av
ie
s,
1
9
2
7
),
to
d
ay
th
is
p
a
rt
b
el
o
n
g
s
to
P
a
k
is
ta
n
.
A
b
b
re
v
ia
ti
o
n
s:
cf
.
=
co
n
fe
r,
co
m
p
a
re
w
it
h
(u
se
d
w
h
en
th
e
au
th
o
r
is
n
o
t
su
re
a
b
o
u
t
th
e
sp
ec
ie
s)
,
F
m
=
F
or
m
a
ti
o
n
,
L
=
L
oc
kh
a
rt
ia
,
L
m
=
L
im
es
to
n
e,
n
.
sp
.
=
n
ew
d
es
cr
ib
ed
sp
ec
ie
s,
S
B
Z
=
sh
a
ll
ow
b
en
th
ic
zo
n
e,
sp
.
=
sp
ec
ie
s,
va
r.
=
va
ri
a
ti
o
n
.
134
6.2 Glossary of terms
Extract of used terms for morphological descriptions of larger benthic foraminifera (LBF) in this work, as well
as some additional terms for the sake of completeness. Taken from the ”Illustrated glossary of terms used in
foraminiferal research” (Hottinger, 2006). Terms in descriptions listed within this glossary are underlined.
adaxial - directed towards or positioned near the shell axis.
agamont - specimen grown from the zygote, producing either gamonts or schizonts in an asexual process
involving apogamous nuclear divisions and/or meiosis. Foraminiferal agamonts, produced by a sexual
reproduction, are called microspheric (B - form).
aperture - the primary opening of the foraminiferal shell cavity towards the ambient environment. May be
covered by subsequent chambers and thus transformed into a foramen. May be single or multiple.
apex - initial portion of trochospiral or conical test.
axial section - a slice bisecting the test in a plane coinciding with the axis of coiling and intersecting the
proloculus.
bead - a small, rounded to hemispherical protuberance on the surface of lamellar shells, forming strings along
septal, septular or hemiseptular sutures. Usually imperforate or poorly perforate.
biconch - protoconch and deuteroconch together, if separated by a straight septum, thus differing in shape
from later, curved ones. The straight septal wall suggests that hydrostatic pressure in protoconch and
deuteroconch was equal as a morphogenetic control before the wall was calcified. Thus, the two first
chambers were formed together and represent a single growth stage similar to an embryonic apparatus.
bilamellar wall - in perforate foraminifera a chamber wall formed primarily by two mineralized layers (outer
and inner lamellae) on either side of a primary organic sheet, the median layer.
canaliculate [canaliferous] spine - a spine- or club-shaped to arborescent radial structure composed of
consecutive outer lamellae enclosing canals (supplemental skeleton). May contain spikes.
cancellate - having honeycomb-like surface ridges as ornament.
carina [keel] - a peripheral thickening of the shell. May be doubled in Cretaceous planktic foraminifera. In
bilamellar foraminifera formed exclusively by the outer lamella and therefore imperforate.
chamber [loculus] - the space and its enclosing biomineralized walls formed at one instar.
cosmopolitan - Occurring all over the world where ever there is a suitable habitat, the contrary of endemic.
deuteroconch - the second chamber in an embryonic apparatus.
dimorphism - coexistence of two discrete morphotypes representing different generations in the life cycle of a
single species. They are expressed in the adult growth stages and/or in the protoconch and in the following
nepionic chambers. The protoconch diameter is large (megalospheric = A - form) when the agamont’s
protoplasm is distributed (including eventual symbionts) among the cloned offspring. The protoconch
diameter is small (microspheric = B - form) when the gamont’s gametes fuse pairwise to form a zygote
whith no protoplasm or symbionts from the mother. If there is dimorphism in the adult shell, the B - form
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becomes larger than the A - form. The compartments of the microspheric initial phases are small. It takes
many growth steps to reach the initial shell size of the megalospheric generation. Reaching the adult
oversize of the microspheric generation demands numerous additional instars. Consequently, the
dimorphism of foraminiferal generations reflects different life times and thus different strategies of life
within the same species: the microspheric generation is adapted to the permanent basic low-level carrying
capacity of an oligotrophic and warm environment, while the megalospheric generation with its short life
time adapts to both spring and eventual autumn seasonal peaks of carrying capacity.
dorsal - the side of a free, flattened organism turned away from its substrate, as opposed to ventral.
embryo(n) [embryonic apparatus] - the group of chambers including protoconch and deuteroconch
(nucleoconch), and in some genera a flexostyle, that differs in size, shape and arrangement from
subsequent chambers.
embryonic - the earliest growth stage in foraminiferal ontogeny, usually distinguished from later stages by an
abrupt change in shell architecture, commonly with thickened walls indicating a longer period of cessation
in growth as frequent in the megalospheric generation of larger K-strategists.
endemic - occurring in restricted geographic areas; the contrary of cosmopolitan.
flagella - a tubular extension of the cell, reinforced with microtubuli and anchored by centrioles deep inside
the protoplast of dinophycean symbionts. The short flagellae are used for locomotion in the lacunar system
of the host as a device for regulating irradiation intensity in order to avoid photoinhibition.
folium - (lip; tenon; umbilical flap; astral lobe, pars auct.) - in spiral lamellar foraminifera an axial-umbilical
portion of the lateral chamber wall, generally triangular in outline and often texturally differentiated
(porosity). The limit between the main lateral chamber wall and the folium may be marked by a short,
posterior indentation or ”notch” and/or by an umbilical plate-suture. An opening (foliar aperture) is always
present between the anterior margin of a folium and the adjacent previous coil. In addition, umbilical
and/or posterior openings may be present, depending upon whether the folia are free or attached by their
tips or along their posterior margin. In some genera such as Asterorotalia, the folia may extend onto the
preceding chamber and be attached to it, partially covering intraseptal interlocular spaces wherever
present. A folium is composed of the same layers as those forming the wall of the main chamber.
foramen [intercameral foramen] (plural: foramina) - the opening or openings that allow communication
between the lumina of consecutive chambers and provide passage for functional endoplasm. May be
primary, hence formed by an initial cameral aperture, or secondary, i.e. formed by resorption of masks or
other parts of the septum (tunnel). Cameral apertures converted into intercameral foramina may be
modified in shape by resorption or through restriction by attachment of a toothplate, foramenal plate or
umbilical plate.
foramenal plate - (toothplate; paries proximus, pars auct.) - basically a primary infold or ”inpush” in the
direction of growth of the posterio-lateral chamber wall at a sutural notch, and attached to a single
intercameral foramen. A foramenal plate is a detached continuation of a septal flap that may or may not be
connected with a cover plate in the previous chamber. A foramenal plate separates to some degree the main
chamber lumen from the lumen of the foliar chamberlet and the chamber plasm from the ectoplasm in the
interlocular spaces.
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gamont - a specimen producing gametes in the process of reproduction irrespective of its involvment in
meiosis (diploid gamonts) or not (haploid gamonts). Foraminiferal gamonts, produced by asexual
reproduction are megalospheric (A - form).
granule - see bead, papilla.
imperforate - lacking pores or parapores.
instar - a single step in the discontinuous growth process of most foraminifera. It is reflected by the formation
of one chamber of the shell (or of a cycle of chamberlets).
interlocular space (lacuna, pars auct.) - a space formed as a consequence of a deeply sunken suture between
consecutive chamber walls or between consecutive coils.
interseptal pillars [pillars] (lamelliform buttresses) - in porcelaneous and agglutinated species: the multiple
columnar projections between consecutive septa and parallel to protoplasmic flow. Pillars are part of the
endoskeleton. To be distinguished from piles of lamellae.
intraseptal interlocular space - the interlocular space formed between the posterior bilamellar wall of a
chamber and the distal bilamellar wall of the preceding chamber, as a result of a deeply sunken suture.
Intraseptal spaces may be open to the exterior along their margins either continuously or through openings
between points of marginal adherence of consecutive lateral chamber walls.
megalospheric - the large proloculus in di- or trimorphic species; a defining characteristic for gamonts and
schizonts in contrast to the microsphere of the agamont.
microspheric - in dimorphic species: a test having a small proloculus or microsphere; commonly an agamont.
nepionic - the juvenile stage immediately after an embryonic and preceding an ephebic stage.
nucleoconch - see embryonic apparatus.
papilla [pl. papillae] - a small, rounded, poorly or non-perforate protuberance, single or multiple, on the outer
surface of perforate chamber or chamberlet walls, produced by local inflation of outer lamellae and linked
to a conical outward spreading of the pores.
perforate - referring usually to walls possessing true pores. Where the term is applied to walls possessing
parapores it should be replaced by ”paraporous”.
plug [umbilical plug] - an expanding pile of thickened lamellae in axial position in an umbilicus or in an
umbilical bowl. May be single, compound and/or canaliculate.
pore - a minute tubular perforation traversing a lamellar chamber wall, coated internally by an organic
sheathe. Subdivided by organic discs (”pore plate” auct.) and closed off internally by the inner organic
lining. The latter may fuse with the basal disc corresponding to the median layer and form an organic pore
plug. The size and shape of the external and internal pore openings may be identical (rounded to elongated)
or dissimilar, when symbionts are positioned in egg-holders below the pore mouths for gas exchange.
proloculus - the initial chamber of a foraminiferal test without nepionic differentiation. Usually, a proloculus
has a spherical outline and a single aperture.
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protoconch - the first chamber of a test with an embryonic apparatus or in which a deuteroconch is
differentiated. In most dimorphic larger foraminifera, the microspheric generation has a proloculus, the
megalospheric generation a protoconch or megalosphere.
protoplasm - the living matter comprising the cell-body.
pustules [tubercle; papilla] - a hemispherical to subconical inflational protuberance of the outer lamella.
schizont - apogamic offspring of an agamont reproducing either by another apogamous nuclear division and
cytotomy (i.e. by distributing the mother protoplasm among the offspring) or undergoing meiosis. Because
the foraminiferal schizonts are produced by cytotomy, they are megalospheric (A - forms).
septum (French: cloison) - a wall separating two consecutive main chamber lumina, i.e. the portion of the free
chamber wall that is covered by subsequent chambers and thus incorporated in the architecture of the shell
as a partition between successive main chamber lumina. The connection between them is assured by one or
many openings in the septum (intercameral foramina, stolon systems) that are in most cases converted
primary apertures. When multiple chamberlets form simultaneously the septum may consist of many
discrete parts acting as partitions between the lumina of successive chamberlet cycles (not of neighbouring
chamberlets).
suture - the line of adhesion of chamber wall(s) to the previously formed test.
symbiont - an organism living together with or within an other organism to the benefit of both.
symbiosis - in foraminifera: algal cells living (as symbionts) within the foraminiferal cytoplasm in a
mutualistic relationship with their host. The symbionts actively photosythesize and reproduce asexually in
the host cell. They are engaged in recycling nutrients. They live either in vacuoles of the host cytoplasm
and are displaced passively by the host’s protoplasmic streaming, or are found in the lacunar system of the
host cell within which they may move actively using their shortened flagella to regulate the amount of their
irradiation by sunlight so as to avoid photoinhibition. During the asexual reproduction of the host, each
offspring inherits a small number of symbionts from the mother cell. But after sexual reproduction, the
foraminiferal zygote must take up symbionts from its ambient environment.
test - the shell or skeletal components of a foraminifer. The test may be composed of a variety of materials:
secreted, agglutinated or in combination.
toothplate - (sipho; central pillar, pars auct.) - a contorted plate running from an intercameral foramen to an
aperture, and attached to both. It may be shaped to form a single, double or spiral fold (or ”tongue”) with a
free, often serrated distal end and distally protruding into the aperture. A toothplate separates partly or
completely the main chamber lumen from an axial space (adapertural depression) in post-embryonic
stages. It protrudes with a free edge distally and adaxially into the aperture. Interconnected toothplates in
low-trochospiral umbilicate shells may produce a primary spiral canal. A toothplate is never associated
with a foliar or stellar chamberlet.
trochospiral arrangement - chamber arrangement in whorls or coils where the rate of translation (net rate of
movement along the growth axis to the net rate of movement away from the axis) is more than zero. Spiral
and umbilical sides are dissimilar. May be involute or evolute on either the spiral or the umbilical side.
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umbilical cavity - the axial complex of interconnected passageways delimited by axial chamber walls, inner
umbilical walls, folia, foramenal plates, and cover plates. Includes thus the umbilical canal systems. May
be restricted by piles or plugs and communicates with the exterior through foliar apertures or vertical
canals.
umbilical plate (foramenal plate; umbilical flap; murus reflectus; toothplate; paries proximus, pars auct.) - a
more or less contorted plate-like test element, extending between distal and proximal chamber walls and
joined to both, attached to the intercameral foramen and to the main aperture, but not protruding into the
latter. Separates the main chamber lumen from a primary umbilical-spiral canal. Between plate and
adjacent coil or within the plate itself an opening provides connection between chamber and foliar
chamberlet, wherever present. This opening may remain open in all chambers or it may be closed in all but
the ultimate chamber by a sealing plate. An umbilical plate may be single or composed of two symmetrical
branches in some planispiral genera, thereby producing one or two umbilical-spiral canals between plate
and adjacent coil.
umbilicus - the axial space in spiral foraminifera communicating directly through apertures with surrounding
main chamber lumina or foliar chamberlets. May be open or restricted by an umbilical plug.
ventral - the side of a flattened organism turned to its substrate, as opposed to dorsal. Secondarily flattened,
almost planispiral or slightly reversed-spiral, involute shells like Daviesina salsa (Davies and Pinfold) or
D. langhami (Smout) reveal their trochospiral phyletic origin by an asymmetric, ventral position of the
main cameral foramen and of the umbilical plate.
whorl [coil] - in a spiral test, a single turn or volution through 360°.
zygote - a diploid cell resulting from fusion of two (haploid) gametes in sexual reproduction. The
biomineralized envelope of the zygote is called a microsphere.
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